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ABSTRACT

SCALABLE NANOMANUFACTURING PROCESSES FOR
METAL ENHANCED FLUORESCENCE

Erik Hohenberger, MS
Department of Electrical Engineering
Northern Illinois University, 2016
Venumadev Korampally, Director

Metal enhanced fluorescence is a phenomenon in which fluorescent material experiences
increased emission intensity when in close proximity to metallic surfaces which contain
plasmonic nanostructures. In this study, several methods for fabricating these plasmonic
structures is investigated. These fabrication methods include direct imprinting, soft lithography,
and microcontact printing. These methods offer a low cost and comparatively simple alternative
to conventional photolithographic and etching techniques, which can provide a means for rapidly
producing heat stable plasmonic grating patterns and surfaces which contain a high density of
plasmonic nanogap features. These nanogap features were shown to produce a mean
enhancement factor for Rhodamine 6G fluorescent dye of up to 21 times, and a maximum
enhancement factor of 28.4 times compared to glass using a 100 watt mercury vapor lamp on an
epifluorescence microscope fitted with a TRITC optical filter cube.
Soft lithography and microcontact printing are further explored in this study for the
fabrication of heat stable organosilicate nanochannels which have a channel spacing of 320nm,
and a channel height of 25-30nm. These techniques are used in conjunction with lift-off
lithography to rapidly fabricate multi-layered channel structures across large surface areas.
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1. INTRODUCTION

1.1

Metal Enhanced Fluorescence

Metal enhanced fluorescence (MEF) is a phenomenon in which fluorescent particles, or
fluorophores, within close proximity to surface plasmon supporting surfaces will dramatically
increase in emission intensity. This results from an energy transfer from an excited fluorophore
to the surface plasmons, which can then reemit the energy to the far field[1]. Surface plasmons
themselves are an electromagnetic wave phenomenon which occurs at metal-dielectric
boundaries, and are the result of orderly charge oscillations of the electron cloud within the metal
region. Photonic energy is able to be coupled resonantly to these surface oscillations, resulting in
greatly enhanced fields confined to the metal-dielectric boundary. Plasmons are capable of
confining this coupled energy to nanoscale spaces far below the diffraction limit. This can be
useful for localized field enhancement, as in the case of MEF, but has also been used extensively
as a means for photonic wave guiding, super resolution imaging, surface enhanced Raman
spectroscopy (SERS), and chemical and biological sensing[2]–[5]. The ability for plasmons to
interact with fluorophores is especially useful for labeled detection, and for fluorescence imaging
where increased fluorescence emission increases the limit of detection of sensing schemes and
improves contrast ratios in images.
As such, there has been a great deal of research into methods for fabricating surfaces
which can support plasmonic coupling. Structures can be produced with traditional
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photolithographic processes, but these methods can be costly and labor intensive. Alternatively,
soft lithography, microcontact printing, and direct imprinting techniques have emerged as
comparatively simple and cost effective means of fabricating micro and nanoscopic surface
features [6]–[8].
In this thesis, we explore these techniques as a means to produce a plasmonic surface
which contains nanogaps, which can confine photonic wave energy in localized hot spots, and
diffraction grating patterns, which can couple photonic wave energy into plasmons which
propagate across the grating surface. A schematic of the proposed structure is shown in Figure
1.1.

Figure 1.1. Cross section schematic of the proposed plasmonic structure. This structure contains
metallic silver nanostructures which have both grating and nanogap features, allowing for
plasmonic coupling to both propagating and localized plasmons.

The silver nanostructures contain the nanogaps needed for localized plasmon coupling.
These gaps are generated by simply depositing silver on nanoporous organosilicate film, which
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has surface characteristics which drive the silver to form large grains separated by discrete
nanoscale gaps. These characteristics are a very low surface energy and a high surface area. The
plasmonic grating pattern can be produced by replicating grating patterns found in store bought
optical data storage discs such as DVD-R, HD DVD-R and BD-R recordable media. These
physical grating patterns can be used as pattern masters for direct imprinting by pressing the
physical pattern into the surface of the nanoporous film layer or into the silver film layer after
deposition, and it can be used as a master mold for soft lithography and microcontact printing
where the pattern is replicated into a silicon elastomer. This elastomer can then be used as a
simple stamp to produce films which contain the physical reproduction of the disc grating
pattern.

1.2

Thesis Overview

This study investigates several nanomanufacturing techniques for fabricating plasmonic
structures in silver film, including grating patterns and nanoscopic gaps. These structures could
be used for metal enhanced fluorescence. These fabrication techniques and materials were also
used to produce nanochannels, which are useful for microfluidics and lab-on-chip designs for
chemical and biological sensing[9], [10].
This thesis is divided into 4 main chapters. Chapter 2 provides background information
into fluorescence and the concept of metal enhanced fluorescence, which explains how
fluorophores can interact with surface plasmons to generate increased emission intensities. This
chapter also provides background theory into plasmonics and how photonic waves can be
efficiently coupled to surface plasmons. It discusses the dispersion relation for determining the
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parameters for coupling including material optical properties and angle of incidence. The
coupling is discussed for planar and grating configurations, as well as for subwavelength-scale
surface defects.
Chapter 3 presents the work toward fabricating grating patterns in NPO film. The
techniques investigated were direct imprinting, where the pattern is physically pressed into the
film surface, and soft lithography and microcontact printing, where a pattern is replicated into a
3-dimensional stamp. This stamp can then be coated with a film solution to produce a film layer
which contains the original master pattern. Both techniques had some drawbacks, including film
and substrate damage, and incomplete wetting of the patterned stamps. Methods for resolving
these problems are discussed. This chapter also presents FDTD simulation data for gratings of
the proposed structure. Grating conformity and silver film thickness are examined to determine
their effects on the plasmonic coupling parameters.
Chapter 4 goes on to discuss work towards fabricating nanogaps by depositing silver onto
nanoporous organosilicate films. The surface characteristics are believed to drive the formation
of the gaps, which were shown to provide strong fluorescence enhancement. Metallized samples
were also shown to produce single fluorophore emission and blinking, indicative of strong
localized plasmon interaction. Broken ring emission patterns were seen when imaging samples
with an epifluorescence microscope. FDTD far field simulations suggest that these patterns could
be produced by dipole–like sources interacting with subwavelength surface features.
Chapter 5 presents the work toward fabricating nanochannels using the same materials
and methods for the grating patterning. Grating films can be inverted, such that the grating
surface is face down on a substrate creating discrete channels between the film and substrate.
This chapter discusses the problems that arose with the initial fabrication approach, which tended
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to result in a high degree of film damage as a result of strip off during the transfer process. This
was solved by using a lift-off lithography technique which used photoresist as a sacrificial layer
to unbind the film from the transfer stamp, and the use of an intermediary film to help adhere the
photoresist to the transfer stamp. Samples produced with this technique do not show signs of roof
collapse, and early results suggest the films may be heat stable to at least 500°C.
The final chapter summarizes the findings from these three chapters and goes on to suggest
possible follow-up studies to further our understanding of these structures.

2. THEORY

2.1

Fluorescence

Fluorescence is a photoluminescent process in which a material emits photons after
absorbing electromagnetic energy. The emitted light is typically at longer wavelengths (red
shifted) than that of the excitation wave. This shift towards longer wavelengths is known as
Stoke’s Shift [11]. Fluorescence has found use in many applications including chemical and
biological sensing, imaging, and material analysis [12]–[16]. The process generally occurs in
three stages: excitation of an electron by external electromagnetic wave energy to a higher
singlet energy state; vibrational relaxation of the electron down to the lowest vibrational level of
the excited state; and emission, where the electron releases its energy and returns back to the
ground state [17]. This emission may be through radiative or non-radiative pathways. In the latter
case, the fluorophore would not emit a photon, and the energy would be lost as heat.
Phosphorescence is a similar process, but the electron is excited to a higher level triplet state.
The difference between a singlet and triplet state is that a singlet state is diamagnetic, and a
triplet state is paramagnetic [18]. Consider a pair of electrons in the ground state. The Pauli
Exclusion Principle states that no two electrons can occupy the same orbital with the same
quantum number, so the electrons will have a different spin (spin up and spin down). If one of
the electrons is in an excited singlet state, the spin orientation of the electron is preserved, and
the excited electron would be able to return to the ground state. If an electron is in an excited
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triplet state it will have the same spin as the ground state electron, this would prevent the electron
from returning immediately to the ground state. Singlet to ground state lifetime is generally on
the order of nanoseconds (10-9) while triplet to ground state can be 10’s of seconds long [19],
[20]. These state changes can be illustrated using the Jablonski Diagram.

2.1.1

Jablonski Diagram

The Jablonski Diagram provides a graphical representation of the various electron sates
and pathways the electron goes through as it absorbs and emits light energy during
photoluminescent processes. The diagram can be seen in Figure 2.1.

Figure 2.1. Jablonski diagram. a.) the standard absorption, relaxation, and emission model.
Fluorophores can emit radiatively (fluorescence) or through a nonradiative emission pathway, b.)
an example of internal conversion between singlet states resulting in either radiative, or
nonradiative emission, c.) an example of intersystem crossing in which the excited electron
enters a forbidden triplet state and is unable to radiatively emit its excitation energy.

Non-excited valence band electrons begin in the ground state, S0.0. S1.0 and S2.0
represent two of the lowest vibrational excited singlet states. All states have higher energy
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vibrational states, S0.X, S1.X, and S2.X. The wave energy needed to transition between the
ground state and the excited states is given as
(2.1)
where

is the photon energy (Joules),

is Planck’s constant (6.626x10-34 Joules.seconds), and

is the photon wave frequency (seconds-1). When in a vibrational state, the electron will lose
energy nonradiatively due to collisional forces within the molecule, and relax to the lowest
vibrational energy level within the state. This relaxation usually occurs much quicker than the
lifetime of the electron when transitioning from an excited state to the ground state. If there is
band overlap between states, an intramolecular process known as internal conversion can occur
where the electron is able to rapidly switch from a higher vibrational state to a lower vibrational
state (S2 →S1). This is a conversion between two of the same type of states. In some cases, an
excited singlet state electron can move to an excited triplet state, known as intersystem crossing.
This is a transfer between two different states (S1→T1). If there is no radiative pathway from
this state, it is referred to as a “dark state” because there is no visible photon emission. This dark
state can last from seconds to minutes, and is one cause for fluorophore blinking, or
intermittency [21].
Once the electron is at the lowest vibrational level, it can emit its remaining energy and
return to any of the vibrational ground states. If the pathway is radiative, the energy will be
emitted as a photon in all directions with a frequency, , related to the energy of the transition.
The electron can also lose energy and return to the ground state through non-radiative processes.
Typically, these are due to molecular collisions, but external effects such as fluorescence
resonance energy transfer (FRET) between two fluorophores within close proximity can result as
well [22]. In FRET, the fluorophores have overlapping energy states. One fluorophore absorbs
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incoming waves and is excited to a higher energy state. The energy is then transferred
nonradiatively to the second fluorophore which can then emit the energy as a photon. This
process can occur between fluorophores with differing emission spectra, which can allow this
process to be useful for studying interactions between molecules.
The rates of the radiative and nonradiative pathways can be considered together in the
quantum yield. The quantum yield is the efficiency that a fluorophore can radiatively emit
absorbed energy. In the absence of some external quencher, it is defined as [23]:
(2.2)
where Γ is the rate of radiative pathways, and

is the rate of nonradiative pathways. As the

rate of nonradiative pathways decreases, the quantum yield drives toward unity. Fluorophores
with higher quantum yields will have higher intensities compared to lower quantum yield
fluorophores. The lifetime of a fluorophore is the inverse of the combined pathways, given as
(2.3)
which is the measure of the time it takes for an excited electron to return to the ground state. It
can be seen that the quantum efficiency and the lifetime are interrelated. External quenching
effects can modify both the lifetime and the quantum yield. As more quenchers affect the system,
the nonradiative pathway rate increases which decreases the lifetime and decreases the quantum
yield. Conversely, if the nonradiative pathway rates decrease, the lifetime increases and the
quantum yield increases. As mentioned earlier, these extra quenching effects can occur by FRET,
causing nonradiative transfer of energy between two fluorophores, but can also be due to other
collisional effects and to oxidative quenching of excited states [24]–[28]. Oxygen also plays a
role in photobleaching, whereby fluorophores will emit less intensely over time [29]. This is due
to the vulnerability of the fluorophore to oxygen when excited. An excited fluorophore is
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susceptible to oxidation, which can chemically change the dye molecule such that it no longer
fluoresces. This effect can be viewed when monitoring concentrations of dye over time. As more
fluorophores become photobleached, the overall intensity of the concentration will decrease.
Intermittency of the fluorophore emission can also occur where the fluorophore appears to enter
and exit a dark state. This can be seen as a blinking effect when viewing very low concentrations
of dye where single fluorophores can be monitored. Long lived blinking is attributed to radical
ion formation due to fluorophore reaction with reducing and oxidizing agents [2], [30].
While it is best to avoid these quenching effects, FRET can be useful for studying
molecular interactions. If two molecules have overlapping fluorescence absorption and emission
spectra, transfer can occur when they are in close proximity to one another, causing one
fluorophore to stop emitting, and the other to either begin emitting or become more intense.
FRET quenching between a fluorophore and metal has been observed when the fluorophore is
within 10nm of a metal surface [31], [32]. Research has shown that while the FRET produces a
nonradiative transfer to plasmons on the metal surface, if the plasmons are able to radiate, the
energy can be recovered and enhanced. This effect is called metal enhanced fluorescence.

2.1.2

Metal Enhanced Fluorescence

While the underlying mechanism of metal enhanced fluorescence (MEF) is still not fully
understood, there has been a great deal of research demonstrating the effect. Work published in
the early 2000s by Geddes and Lakowicz posited that MEF is a result of FRET-like energy
transfer between fluorophores and plasmons on metal surfaces [1], [32]–[34]. The coupling
explains both the phenomenon of metallic quenching seen when fluorophores are in very close
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proximity (< 20nm) to a planar metal surface and why fluorescence enhancement occurs when
fluorophores are near plasmonic metallic particles. As in traditional FRET, the transfer process
from the donor fluorophore to the acceptor plasmons is nonradiative. Plasmons which are not
able to emit energy to the far field will keep the energy bound to the metal surface, making it
appear as though the fluorophore is in a dark state. Conversely, if the plasmons are able to emit
to the far field, not only would the photon be observed but would appear to have an enhanced
intensity.
Continued work by Lakowicz suggests that emitting plasmons have an intrinsically short
lifetime, allowing them to emit the transferred energy much more quickly than the natural
emission rate of the fluorophore. As a result, the quantum efficiency of the metal-fluorophore
system would increase.
Geddes further suggests that the enhancement factors are due to changes in the so called
excitation volume [23], [35]. The plasmons are confining energy, increasing the field density at
the metal surface. Higher energy excitation waves would result in higher densities over the same
time frame. Geddes also suggests that another important factor in MEF is the absorption and
emission spectra of the fluorophore, and the absorption and extinction spectra of the plasmons.
The emission spectra of the fluorophore and the absorption spectra of the plasmons must overlap
in order for the FRET energy transfer to occur. The extinction spectra, which is composed of
both an absorbance spectra and a scattering spectra, will determine if the plasmon is able to
radiate the energy (scatter) or keep the energy bound to the surface where it will be lost as heat
(absorbed). The extinction spectra are directly affected by the metal surface features. Feature size
and gap distance will both affect the spectra [36]. If one could fabricate plasmonic features with
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specific, tuned conformities, a highly enhancing surface could be fabricated for specific
fluorophores.

2.2

Plasmons

When considering the interactions of electromagnetic fields and metals, it is sometimes
convenient to treat the outer, valence band electrons within metals as a cloud or gas of electrons,
and to consider the remaining part of the material as a crystal lattice of positive ions. The
electron gas is localized around the crystal lattice but can move independently of the lattice. This
is known as the Drude model. This electron gas can also be perturbed by electromagnetic fields
resulting in wave-like oscillations. These collective wave fluctuations are referred to as plasmons
[37]. Because plasmons can be influenced by external electromagnetic forces, they give rise to
much of the metal’s optical properties. Within the bulk of the metal, the electrons oscillate at the
plasma frequency,

, in response to a small charge separation. The plasma frequency is derived

in the Drude model, which equates a material’s permittivity to the motion of the electron gas.
Figure 2.2 shows an example of a metal particle within an electric field. The field acts on the
electron cloud causing it to migrate to one side of the particle. If the field is removed, the
electron cloud migrates back towards the depleted region of the particle. The rate of this
collective motion is the plasma frequency.
Plasmons can also exist at a metal-dielectric boundary, these are referred to as surface
plasmons (SPs). SPs can be thought of as surface standing waves which can propagate along the
surface boundary. In this case, the frequency is affected both by the metal and the dielectric
material.
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Under certain conditions, external photons incident on the metal-dielectric boundary can
be resonantly coupled with the SPs. This optical phenomenon is known as surface plasmon
resonance (SPR), and the coupled photon-plasmon is referred to as a surface plasmon polariton
(SPP) [19]. The conditions needed for SPR involve the angle of incidence, wavelength, and
polarization of the incident EM wave, along with the permittivity of the metal and dielectric
material at the boundary.

Figure 2.2. Electron cloud around a crystal lattice of positive ions. a.) with an applied electric
field, b.) electron cloud is removed and the electron cloud begins propagating back towards the
depletion region.

Because of this resonant coupling, photonic energy can become confined to SPs in
regions smaller than the photon wavelength, such as nanoscopic gaps in metal surfaces or around
subwavelength sized metal particles. This has caused a great deal of interest in recent years in
nanophotonic research to utilize SPR in a variety of applications including biological and
chemical sensing, imaging, nanophotonic waveguides and photonic circuitry, as well as material
surface characterization and metrology [4], [10], [38], [39].
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2.2

Material Optical Properties

Plasmons are inherently linked to the optical properties of metals. The optical properties
can be described by the material’s complex permittivity, . The imaginary part of the permittivity
describes losses and damping effects within the material. The Drude model shows that the
permittivity is wavelength dependent [32]:
(2.4)
where

is the angular frequency of the field,

is a damping constant, and

A wave’s propagation through a material can be described by a wavevector,

.
The

magnitude of the wavevector describes the propagation distance the wave travels to complete
one full oscillation. This is also known as the photonic dispersion and is given as
(2.5)
where

is the wavelength in the medium which has a certain refractive index, , and is the

constant for the speed of light in a vacuum (freespace) [32].

is the wavevector if the incident

wave were propagating through a vacuum. For a wave propagating through a material, and
existing solely in the x-z plane, the complex wavevector is given as
(2.6)
and is diagramed in Figure 2.3. The incident wave must be P-polarized such that the electric field
exists within the plane of incidence.
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Figure 2.3. P-polarized plane wave incident on a metal-dielectric boundary.

2.3

Dispersion Equation for Surface Plasmons

The dispersion equation for surface plasmons relates the spread of the plasmon’s
wavevector, which exists in the plane parallel to the boundary, to the permittivity of the metal
and dielectric regions. Knowing the plasmon wavevector is the first step in determining the
necessary parameters for incident wave coupling. The dispersion equation can be derived from
Maxwell’s equations [40]:
(2.7)
(2.8)
(2.9)
(2.10)
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where

is the material permittivity which is equivalent to

permittivity in free space,
(V/m), and

, in which

is the magnetic permittivity in free space,

is the electric

is the electric field

is the magnetic field (A/m).

Consider the diagram in Figure 2.2. The metal-dielectric boundary is parallel to the x-axis
and occurs at z = 0. An EM wave is incident on the boundary, propagating through the x-z plane.
The plasmons are transverse magnetic modes with respect to the boundary. In order for plasmon
interaction to occur, the E-field of the incident wave must be polarized such that it is also
transverse magnetic (p-polarized) with respect to the boundary. If the incident wave were
transverse electric (s-polarized), the incident wave would not be able to interact with electric
field of the plasmons. The general solution to Maxwell’s equations for a plane wave such as this
is:
(2.11)
where

is the amplitude of the electric field,

is the wavevector, is the position vector,

is

the angular frequency, and is time. The electric and magnetic fields in either medium can be
given as
(2.12)

.

(2.13)

If equations (2.12) and (2.13) are applied to equation (2.10), we will arrive at the following
expression:

.

(2.14)
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The boundary conditions for electromagnetic waves requires that the electric and magnetic field
components be continuous across the boundary such that:
(2.15)
.

(2.16)

If we apply these boundary conditions to the x-terms of equation (2.14) for both a metal and
dielectric region, it can be reduced to
.

(2.17)

The complex wavevector

can be used in equation (2.17) to equate the z-components of the

wavevector to the x-components, along with the boundary condition for the wavevector at the
boundary:
(2.18)
to arrive as the following equation:
(2.19)
Solving for

, we arrive at the simplified expression for the wavevector across the boundary:
.

(2.20)

This is the wavevector for the surface plasmons. An illustration of the plasmon dispersion can be
seen in Figure 2.4.

18

Figure 2.4. Illustration of surface plasmons.

For many metals, and especially noble metals, the magnitude of the real part of their
permittivity within the visible range is much larger than the imaginary part, so
approximated as the real component only [41]. In actuality, because
complex as well. If the complex

can be

is complex,

and

are

is applied to the fields given in equations (2.8) and (2.9), the

z-component of the field is given as
(2.21)
where

is the real component, and

is the imaginary component which represents an

exponentially decaying evanescent field in the z direction. The x-component of the electric field
and the y-component of the magnetic field will have similar exponentially decaying evanescent
field properties. Thus, the plasmon waves act as evanescent waves perpendicular to the
boundary, and will exponentially decay as they propagate along the boundary.
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2.4

Resonance Coupling Conditions

2.4.1 Planar Surfaces

In order for an incident wave to couple to the surface plasmons, the incident wave’s
wavevector along the boundary must match the wavevector of the plasmons, given in equation
(2.15). Referring back to Figure 2.2, a wave in the plane of incidence propagating in the
dielectric region with an angle, θ, from the surface normal, would have a wavevector in the xdirection of
(2.22)
and thus resonance coupling on a flat metal surface would occur if
.
Increasing the incidence angle, , increases the

(2.23)
wavevector magnitude of the incident wave.

Typically, the plasmon wavevector is larger than the

wavevector of the incident wave at the

maximum real angle of incidence (90°) for optical wavelengths. The wavevector can be further
increased if the incident wave passes through a higher index of refraction material, such as a
prism, at the metal-dielectric boundary. This material causes the incident wavelength to increase,
and thus increasing the incident wavevector. This effect is illustrated in Figure 2.5.
The inclusion of the prism at the boundary will also affect the dispersion of the plasmons,
and if one evaluates the equality in equation (2.17) for a noble metal which has large, real
negative permittivity it can be seen that there is no real angle, θ, which would satisfy the
equality. Thus, it is impossible to achieve resonance with plasmons on the illuminated side of the
metal surface [32].

20

Figure 2.5. Effect of angle of incidence on x-direction wavevector. a.) small angle results in
small wavevector magnitude, b.) increasing the angle increases the magnitude of the wavevector.
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This holds true if the metal region is thick enough that the evanescent field generated at
the boundary decays completely before reaching the opposite boundary of the metal region. For
sufficiently thin metal films, however, it is possible to match the wavevector of the plasmons on
the metal surface opposite the illuminated side if the evanescent field can penetrate completely
through the metal film and have an appropriately matched wavevector. This is known as the
Kretschmann configuration, which utilizes a prism coated with a thin metal film on one of its flat
sides. In this case, the matching condition is slightly modified [42]:
(2.24)
where

is the permittivity of the dielectric on the illuminated boundary, and

is the

permittivity of the dielectric on the distal boundary. The Otto configuration is similar. It
generates the evanescent field through total internal reflection within the prism by placing a
lower index of refraction spacer dielectric between the prism and the metal surface [43], [44]. If
the spacer layer is thin enough to allow the evanescent field to reach the metal surface, coupling
can be achieved to the surface plasmons on the illumination side of the metal region. These
configurations are shown in Figure 2.6.

Figure 2.6. Kretschmann and Otto configurations. a.) Kretschmann, plasmon coupling occurs on
the distal side of the metal film, b.) Otto configuration, low index material separates the prism
and metal film. Total internal reflection in the prism generates the evanescent field to couple to
the metal film on the inner side. If the film is thin enough, coupling can also occur on the distal
side.
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2.4.2 Grating Surfaces

For ideally flat boundaries, the plasmon wavevector is constant at every point on the
boundary. If the surface is not ideal and has surface roughness, the wavevector along the
boundary will be affected by the roughness features. This modification in the plasmon
wavevector can be quite profound, with certain roughness features even allowing for direct
coupling on the illumination side of the metal. For high aspect ratio features such as nanoscopic
gaps (nanogaps) and isolated clumps of material such as metal colloid, a region of field
confinement can occur which can confine the incident wave to a localized region around the
surface feature.
If the roughness features are more orderly, such as with the grooves and ridges in a
diffraction grating pattern, the wavevector of the incident wave is scattered into diffracted orders.
This scattering will alter the incident wavevector by integer multiples of the grating wavevector,
which is given as:
(2.25)
where Λ is the pitch, or peak to peak distance of the grating. If a scattered order has a
wavevector greater than the incident wavevector in the dielectric material, it will become bound
to the surface and become evanescent. The grating coupling phenomenon was first observed by
Woods, in the so called Woods Anomaly. This coupling was later studied in more detail by
Raether [37]. The condition for resonance coupling in this case is
(2.26)
where

is the integer value for the order number. Figure 2.7 illustrates the scattering of an

incident wave into diffracted orders. It should be noted that equation (2.21) is technically only an
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approximation because it does not take into account the effects the surface features have on order
scattering.

Figure 2.7. Scattering on a grating surface. If an order’s wavevector matches the surface plasmon
wavevector, coupling occurs. In this figure, order +1 matches and a propagating plasmon is
launched across the grating surface.

2.4.3

Surface Features

In section 2.4.1 we considered an ideal surface which was infinitely large and perfectly
flat. Real surfaces contain defects and some degree of surface roughness. These features can
have an effect on how photons and surface plasmons interact on the surface localized in and
around the feature region. For low or shallow roughness, such as random corrugation, these
localized effects are weak and manifest as coherent backscattering of surface plasmon polaritons.
In this case, the plasmons must be travelling in opposite directions across the roughness feature
in order to coherently scatter [45].
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Larger features such as discrete structures, holes, and gaps in the metal film can act as
wave scattering and confinement sites, driving field enhancement and photon-plasmon coupling
around the feature. Because these effects are located only on the feature, the resonance is
referred to as localized surface plasmon resonance (LSPR), and provides another means for
coupling wave energy to the illuminated side of a metal surface. This resonance is not mediated
by wavevector matching, but by the polarizability of the feature in question. Thus, the coupling
ability of the feature is controlled by the feature size, shape, effective dielectric function and
spacing between other defects.
In a sense, these surface features act as nanoantennas which can absorb far field radiation,
convert it to bound near field energy, and then scatter the near field energy into far field
radiation. These absorbing and scattering affects are illustrated in Figure 2.8 for a single
protrusion on an otherwise flat surface.

Figure 2.8. Defect scattering and absorption on a metal surface.

The scattering and absorbing ability of the feature can be described by the scattering and
absorbance cross-sections, which relate the scattered and absorbed power to the incident power.
For spherical features whose physical dimensions are much smaller than the incident
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wavelength, the scattering and absorbance cross-sections are given by Mie Scattering Theory as
the following [36]:
(2.27)
(2.28)
where

is the polarizability of the particle which has a radius, . The polarizability is given

as:
.

(2.29)

For metallic spheres, the permittivity of the feature can be approximated using the Drude
model, given as
.

(2.30)

The spherical feature shows resonant behavior for both cross-sections. The resonant frequency,
, occur when

. If the dielectric medium is freespace (vacuum) the resonant

frequency is found at
(2.31)
which is the frequency of the surface plasmon around the spherical feature [36].
Near field coupling between features can also occur between two or more surface
features, resulting in field confinement and enhancement in the gap region between features.
This can cause an observable “hotspot” effect in which large field intensities are seen at discrete
locations on a nanogap containing surface. The confinement is due to a coupling effect between
the features, and is mediated by the polarizability of each feature in question, and the gap width
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between the features. Again, the simplest case to consider is coupling between two spherical
nanoparticles. The effective polarizability of the two-particle system is given as
(2.32)

(2.33)
where

is for particle oriented parallel (longitudinal) with respect to the direction of the

incident field, and

is for particles oriented perpendicular (transverse) with respect to the

incident field [36]. In this case, is the gap width between the particles. For longitudinal
orientation, a decrease in gap width results in a red shift of the resonance response spectra, and a
decrease in gap width results in a blue shift for transverse orientation [36]. These formulas only
hold for ideal spherical particles. It is generally impractical to calculate the cross sections for
more complex surface features.
If a metallic surface could be fabricated which contained both a grating pattern, and
nanoscopic defects, the combination of features might result in an overall increase of coupled
wave energy to the metal surface, allowing for stronger fluorescence enhancement to occur.
There are several methods for producing diffraction grating patterns in metal film which do not
require photolithographic techniques. These methods are explored in Chapter 3.

3. GRATING PATTERNED FILM FABRICATION

3.1

Concept

While the nanogaps would be produced during the deposition of silver onto the NPO
film, the physical grating pattern would need to be produced separately. Two nanomanufacturing
techniques were explored for producing grating patterns in nanoporous organosilicate film: direct
imprinting; and soft lithography with microcontact printing. Both of these techniques rely on the
use of a premade master pattern for reproducing the gratings in the film. In the direct imprinting
technique, the master is used as a stamp to physically press, or emboss, a negative of the master
pattern into the surface of the film. This technique has been used previously for producing
nanochannels in nanoporous metal films. During the imprinting process, the master deforms the
porous film, compressing the pores [46]. This could be problematic, as the surface properties of
the NPO are due in part to the presence of the nanopores, and collapsing these may alter the
film’s ability to drive the formation of plasmonic structures in silver. NPO could be metalized
prior to imprinting, but the pressing process may also affect any structures existing in the metal
film.
Alternatively, soft lithography and microcontact printing use the master pattern as a
master mold instead of a press stamp. The soft lithographic process replicates the pattern on the
master as a physical negative, which can then be filled with a film solution to reproduce a
positive duplicate of the master mold pattern. This technique has been used extensively to
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reproduce a myriad of micro and nanoscale surface features [47]–[51]. The pattern could be
placed onto a substrate which could be used as a form when preparing NPO film. If the film is
sufficiently thin enough, the outer surface will conform to the replicated pattern, avoiding any
potential surface damage and alternation caused by direct imprinting. The patterned film is a thin
film, and is subject to degradation caused by dewetting and contamination during preparation.
Also, the NPO film is driven by the surface energy interaction of the substrate it is decomposed
upon, and the patterned film may alter this degradation, possibly preventing the formation of the
nanopores [52], [53].
Herein, we discuss these issues while exploring these two techniques for our proposed
plasmonic structure. Finite difference time domain simulations of the proposed structure were
also prepared to investigate how the grating conformity would affect the plasmonic coupling.

3.2

3.2.1

Experimental

NPO Film Fabrication

The nanoporous film was prepared using a heat decomposition method to produce films
from suspensions of polymethylsilsesquioxane (PMSSQ; Techneglas, GR650F) nanoparticles in
polypropylene glycol (PPG; m.w. 425), which was dissolved in propylene glycol monomethyl
ether acetate (PMA; Sigma Aldrich) [52]–[54]. This method allows for the control of the film
porosity and film thickness by controlling the by-weight concentrations of PMSSQ and PPG in
the precursor solutions, and by controlling the temperature used for decomposition. NPO films
used for the work discussed in this chapter were a 5573 solution, which had a 5:5 weight ratio of
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solvent (PMA) to solute (PPG and PMSSQ), where the solute had a 7:3 weight ratio of PPG to
PMSSQ. 7373 and 5555 film solutions were also used, which had a 7:3 weight ratio of solvent to
solute, with a solute 7:3 weight ratio of PPG to PMSSQ for the 7373 film, and a 5:5 weight
ration of solvent to solute, and a 5:5 weight ration of PPG to PMSSQ for the 5555 film. All films
were spincoated onto their target silicon wafer substrates at 3000rpm/30sec, and then
decomposed by placing the coated wafers on a preheated hotplate at 500°C/5min. Wafers were
then air cooled to room temperature.

3.2.2

Silver Metallization

Silver metallization of samples was carried out using an Edwards Auto306 thermal
evaporator deposition system. This system uses a dimpled tungsten filament as a resistive heating
element and crucible for heating material to its boiling point in order to deposit the vapors onto
the sample surfaces. The chamber was pumped down to 2.0 x 10-5 Torr. With the filament shutter
closed, amperage to the filament was slowly increased to 1.2 A, at which time the silver filings
used as a source material began to melt and boil. After 10 seconds of boiling time the shutter was
opened, depositing silver to the samples at an average rate of 3.8 Å/sec. Deposition rate peaked
at 6.0 Å/sec. A total silver film thickness of 1.007 k–Å (100.7nm) was applied to the samples.

3.2.3

Fluorescent Film Fabrication

The fluorescent gain medium used for the florescence enhancement studies was doped
PMSSQ film. The film was prepared by dissolving a 1%wt. concentration of PMSSQ crystal in
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ethanol (ETOH; Sigma Aldrich, 100% analytical grade). The solution was mixed by placing the
mixing container on a vortex mixer for several minutes, followed by holding it in an ultrasonic
bath for several more minutes in order to fully dissolve the PMSSQ crystal. This solution was
then doped with a 10uM concentration of Rhodamine 590 (R6G; Exciton) fluorescent dye. This
was then mixed using the vortex mixer and ultrasonic bath to ensure complete incorporation of
the dye. This doped solution was spincoated onto the samples at 3000rpm/30sec. Because the
dye fluorophores would be suspended throughout the film layer, much of the dye would be held
far enough away from the sample surface to prevent quenching due to molecular interactions
between the silver and the fluorophore, while still keeping much of the fluorophores within the
coupled plasmon field.

3.2.4

Direct Imprinting Master Stamp Preparation

The patterns chosen for the direct imprinting technique were diffraction patterns on
recordable optical data discs. For the direct imprinting method, DVD-R (Verbatim) and BD-R
(Memorex) discs were used, as they provided a high quality and inexpensive source for
diffraction patterns. The DVD-R discs had a grating pitch of 0.74um, and the BD-R discs had a
pitch of 0.32um [55], [56]. The grating patterns for these discs exists physically inside of the disc
structure. The read/write side of the BD-R disc acts as a protective layer to prevent damage to the
recording layer where the grating patterns exist. The protective layer is fairly thin and was
removed by carefully scribing around the outer edge of the read/write side of the disc with a
razor blade, and then lifting the protective layer off with masking tape to expose the gratings.
The DVD-R disc is slightly different. It is manufactured by bonding two disc halves together.
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The grating pattern and organic recording dye exist on the inner side of the disc half which
makes up the read/write side of the complete disc. To expose the grating pattern, the disc halves
were delaminated by carefully inserting a razor blade edge between the seam where the halves
meet, and slowly peeling the halves apart. The grating surface was cleaned of dye by rinsing
thoroughly with ETOH and dried with a nitrogen dusting gun. The stamps were cut into pieces
which matched the size and shape of the sample substrate it would be pressing. This was done to
reduce the likelihood of pressure discontinuities from fracturing the substrates during the
imprinting process.

3.2.5

Direct Imprinting

Direct imprinting was one technique we investigated for producing the periodic grating
patterns within our NPO films. It is sometimes referred to as gray-scale direct imprinting due to
the methods used to prepare the master stamp, which allow for continuous changes in the surface
pattern rather than discrete steps in height [57]. Conceptually, the process is quite simple. A
master stamp with the desired pattern is prepared and physically pressed onto a nanoporous film,
deforming the film structure and producing a 3-dimensional negative of the stamp pattern.
Because the pattern is being produced after the NPO film preparation, there would be no need for
a patterned sublayer for the NPO to conform to. The down side is that the pattern is being
physically pressed into the surface of the film, which could modify and damage the film
structure, and potentially embed undesired material into the surface.
For these tests, we used a model P-21 hydraulic pill press (Pasadena Hydraulics Inc.).
Force was controlled with a hand operated crank, with forces applied to the samples of up to
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15,000 pounds ram force. The samples used were 5555 and 5573 films prepared on silicon wafer.
Some samples were metalized with silver prior to pressing.

3.2.6

Soft Lithography and Microcontact Printing

For the soft lithographic and microcontact printing techniques, HD DVD-R (Memorex)
discs were used, which had a pitch of 405nm [39]. The discs were prepared in the same manner
as the DVD-R discs described previously. Unlike in the direct imprinting technique, the HD
DVD-R disc was not cut up into stamp pieces. Instead, the disc was used as a master mold to
prepare polydimethylsiloxane (PDMS; Dow Corning, Sylgard 184) stamps which replicated the
disc pattern. These PDMS stamps were then used for the microcontact printing of the patterned
film to the substrate. PDMS has been shown to be able to replicate surface structures with
features as small as 50nm [58]. The PDMS stamps were prepared by mixing a 5:1 weight ratio of
the polymer base solution to the crosslinking agent. This was then poured over the cleaned HD
DVD-R grating surface which was placed in a shallow plastic dish. The PDMS was allowed to
fully cure on the patterned disc for several days before separating the PDMS from the disc
surface. The films which were used as the sublayer for patterning the NPO film were prepared
from a 3%wt. solution of PMSSQ in ETOH. This mixture was vortex mixed and placed in an
ultrasonic bath for several minutes to fully dissolve the solid PMSSQ crystals. After mixing, the
solution was combined with (3-aminopropyl) triethoxysilane (APTES, Sigma Aldrich) at a
0.25%vol. concentration of APTES. APTES was included to act as a crosslinking agent to
improve the heat stability of the patterned PMSSQ film. This PMSSQ-APTES solution is
referred to herein as “ink”.
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3.3

3.3.1

Results

Direct Imprinting Method

As the name implies, direct imprinting is a process for pressing or embossing a 3dimensional pattern onto a surface. Unlike traditional photolithographic techniques, no surface
material is removed, and the process only requires a pattern stamp and a method for applying a
pressing force to the stamp and target substrate. This method has been shown to work well for
nanoporous metals, reproducing patterns with a lateral resolution below 100nm [46], [57], [59].
For our application, this technique was investigated as it could allow us to produce the grating
pattern directly into the NPO film without the need of a patterned sublayer. The NPO film layer
would not need to conform to a physical pattern which would allow us to use any NPO formula
with any thickness and surface property.
For our trial, we used a hydraulic pill press which provided up to 15,000 pounds ram
force. Samples were prepared by decomposing 5555 and 5573 NPO film solution at 500°C for 5
minutes onto silicon wafer. The pattern stamps used were exposed DVD-R grating patterns cut to
match the size and shape of the NPO substrate. While this technique did produce results with
diffraction patterns visible across the NPO film surface, there was a strong tendency for film and
substrate damage. The ram force needed to produce patterns ranged from 5,000 to 15,000
pounds, and often substrates would completely shatter while under pressure. For some samples,
the NPO film tended to adhere to the DVD stamp and would strip off from the silicon substrate.
This is one of the major downsides to using this technique, and the results were not very
reproducible. Some samples would be completely destroyed at certain applied forces, while
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others would be imprinted without issue. Both 5555 and 5573 films would imprint with
periodically spaced long nanoscopic cracks which were spaced apart at the grating pitch length
of the DVD-R stamp (740nm). These periodic nanoscopic cracks imprinted in 5555 film can be
seen in Figure 3.1

Figure 3.1. SEM images of imprinted 5555 NPO film using DVD-R stamp direct imprinting.
12,000 pounds ram force was applied.

The crack width was found to be around 50-60nm. Our theory is that if these films
experienced pore collapse during film decomposition, the NPO film would be dense instead of
nanoporous. The dense film surface would tend to buckle in the space between two DVD-R
grating ridges rather than deform. While the cracks were able to be produced across the entire
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film surface using this technique, the crack lengths seemed to be random and discontinuous
across an entire surface length.
Several 5573 NPO films were also metalized with a 100nm layer of silver using the
thermal evaporator prior to pressing. These samples required considerably less force in order to
produce a diffraction pattern, with forces ranging between 1,500 and 5,500 pounds. The silver
tended to deform with the applied force and produced the expected physical grating groove
pattern. Figure 3.2 shows the SEM images of one of these samples. The grating pattern is clearly
visible, running from the lower left corner of the images to the upper right corner.

Figure 3.2. SEM images of imprinted 5573 NPO film, silver coated prior to pressing. Stamp used
was a DVD-R, 5,500 pounds ram force was applied.

While imprinting on silver coated NPO film worked quite well, the silver film was not
strongly adhered onto the NPO and tended to strip off during the imprinting process. In some
cases, the entire silver film layer would be removed from the NPO substrate and become
embedded in the DVD-R grating surface. If the film remains adhered, this technique could be
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used to produce the plasmonic grating pattern within nanogap-containing silver film. It is unclear
at this time how the imprinting process will affect any plasmonic structures in the silver film.

3.3.2

Patterning with Soft Lithography and Microcontact Printing Method

Soft lithography and microcontact printing have been explored as alternative methods for
fabricating microscopic and nanoscopic 3-dimensional patterns and structures on surfaces.
Rather than etching out material from a surface to produce the features, soft lithography is a way
to replicate a preexisting structure by casting a mold around the desired feature. This technique
was explored as a means for producing a grating patterned form on a substrate onto which the
NPO could be applied. The goal was to have the NPO be thin enough to conform to the pattern
without completely planarizing the pattern features.
A popular material for the casting is PDMS, an organosilicate polymer which has been
used to replicate features with dimensions less than 100nm [49], [60]. If the PDMS is to be used
as the final substrate, a 3-dimensional negative of the desired feature will be cast into the mold.
These molds can be used in conjunction with the microcontact printing process as forms for
patterning thin films. If the negative is filled in with an “ink” such as PMSSQ, a 3-dimensional
positive replication of the original feature can be produced. This process is generally
nondestructive and requires only basic laboratory equipment. A spincoater for applying the ink to
the patterned PDMS stamps, and a plasma cleaner for modifying the surface energy of the
stamps to promote film wetting were all that was required. The process itself is straight forward,
but it is not without its own problems. Fabrication was often hampered by film degradation of
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the PMSSQ ink when applying to the PDMS stamps. While this is a common problem in thin
film fabrication, the cause of our film degradation was not immediately clear [61], [62].

3.3.2.1 Effects of Humidity on Film Formation

The work towards patterning the NPO film with an ink sublayer through the microcontact
printing method was hampered by the lack of reproducible films. Ink film spincoated onto
PDMS would often times contain dewetting spots throughout the film. If it was spincoated to
other substrates such as silicon wafer, the ink film would often be highly cloudy and appear
rough and discontinuous when viewed with a microscope. Examples of these film conditions can
be seen in Figure 3.3.

Figure 3.3. Dewetting and film roughness seen in ink film. a-b.) films which were coated onto
PDMS stamps, c-d.) film spincoated onto silicon wafer.
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The source of the film degradation was difficult to track down as it appeared as though
the dewetting occurred at random. On certain days we were able to produce good quality films
with near complete wetting of the PDMS stamps, while other days we were not even able to
produce partial wetting of the stamp surface. Film dewetting is a common problem in thin film
fabrication, and is often attributed to particulate contamination on the surface or in the applied
solution [63]. While some sources of material contamination were discovered and eliminated, the
problem still persisted.
Daily monitoring of the laboratory environmental conditions revealed that the relative
humidity within the lab can fluctuate as much as +/- 20% RH from its 50% RH set point. The ink
was suspected to be affected by moisture in the air inside the spincoater chamber. APTES and
PMSSQ are both known to be sensitive to moisture. It was theorized that the rapid evaporation of
the ethanol solvent in the film solution could be cooling the substrate surface, causing moisture
in the air to condense onto the substrate. This would change the local surface properties, driving
the dewetting of the film.
To verify this theory, a test was carried out by placing wetted clean lab cloths into the
spin coater chamber and spin coating PMSSQ film onto silicon wafer substrates. The ink
solution used was a 3%wt. concentration of PMSSQ in ETOH. Relative humidity within the
laboratory at the time this test was carried out was 43%. All samples were spin coated at
3000rpm/30sec. Four samples were prepared in total, with the following parameters:

Sample 1: spin coat without wetted cloth in the coating chamber.
Sample 2: added 3 wetted cloths to the bottom of the chamber. Apply the solution to the
wafer and spin coat immediately.
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Sample 3: added 3 more wetted cloths. Allow wafer to sit in chamber with lid closed for
1 minute before applying solution and spin coating.
Sample 4: with all 6 cloths in the chamber, allow the wafer to sit in the chamber with the
lid closed for 10 minutes before applying solution and spin coating.

A comparison of the 4 processed samples is shown in Figure 3.4.

Figure 3.4. Samples exposed to varying amounts of moisture in the spin coater chamber. a.) no
added moisture, b.) 3 wet cloths added to chamber and sample coated immediately, c.) 6 cloths in
chamber and sample exposed for 1 minute, and d.) 6 cloths in chamber and sample exposed for
10 minutes.

The PMSSQ film solution was applied after the bare silicon wafers sat in the chamber for
their prescribed times. The solution itself was only exposed to the extra moisture during the
actual spin coating. As the samples were exposed to a humid environment for longer periods of
time, ink solutions applied to the samples would become increasingly cloudy until the entire film
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surface had clouded over. Figure 3.5 shows images of the cloudy regions of the sample surfaces
taken using a light microscope, at 100x magnification.

Figure 3.5. Microscope images taken of the sample surface at 100x magnification a.) Sample 1,
b.) Sample 2, c.) Sample 3, d.) Sample 4.

As the moisture exposure increased, the PMSSQ film layer became increasingly rough
and discontinuous. To work around this problem, the ethanol was replaced by propylene glycol
monomethyl ether acetate (PMA; Sigma Aldrich). Ethanol has a vapor pressure of about 40
mmHg @ 20°C [64]. PMA has a vapor pressure significantly lower at 3.7 mmHg @ 20°C which
means that it is less volatile compared to ethanol and will evaporate more slowly, reducing the
cooling effect on the substrate [65]. Samples prepared with a 3%wt. concentration of PMSSQ in
PMA have shown to produce a more consistent, clear film. Because PMA does not evaporate as
quickly as ethanol, some solvent may remain after spin coating onto PDMS grating stamps.
Another issue with using PMA as an ink solvent is that it does not readily wet onto PDMS. The
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PDMS surface energy must be modified in order to promote wetting. This can be done through
the use of a plasma cleaning system, but does add an additional step to any fabrication process.
ETOH-based ink solutions were able to be used to form quality films if the spincoater
chamber was purged with dry nitrogen gas immediately prior to dispensing the ink solution. The
lid of the spincoater had a small opening in the center to allow for fluid dispensing with the lid
closed. This port would allow us to load a sample, close the lid, and displace the moist air within
the chamber with dry nitrogen by pumping it through the lid opening. The gas was supplied by a
nitrogen dusting gun. After purging the chamber for 2 minutes, the ink solution was immediately
dispensed through the opening, which was then sealed with a slab of PDMS. This process was
found to provide a low humidity environment within the chamber long enough to form
continuous ETOH-based ink films on PDMS stamps.

3.3.2.2 Undesired Pattern Replication in PDMS

The manner in which the cured PDMS is stored was also found to be a source for
dewetting spots. Because HD DVD-R is a dead format, and discs are not readily available for
purchase, we did not want to damage the grating patterns by cutting the cured PDMS stamp
pieces directly on the disc. In an effort to prevent particulate contamination on stored PDMS, the
cured patterned slab was peeled off of the HD DVD-R disc surface and stored with the pattern
side against a clean sheet of aluminum foil.
Samples prepared from this stored PDMS slab would produce a high density of dewetting
spots. Examination of the produced films and the PDMS surface revealed that the even though
the PDMS had been fully cured while in contact with the HD DVD-R patterned surface, it would
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still deform and replicate other surfaces if left in contact for a period of time. Figure 3.6 shows
microscope images of these dewetting spots in a film prepared from PDMS stored in contact
with aluminum foil.

Figure 3.6. Dewetting spots in PMSSQ-APTES film caused by PDMS contact with aluminum
foil. a.) 20x magnification, b.) 100x magnification, c.) photograph of stamped film. Non-spotted
region near the top of the stamp was due to the PDMS not being in contact with the foil surface.

While the rectangular shaped spots were typical of dewetting on grating patterns induced
by humidity, the density and orderly alignment of the spots was driven by the machine marks on
the aluminum foil which were replicated onto the PDMS surface. In the figure, the spots are
oriented head to tail in the direction of the HD DVD-R grating pattern (generally horizontal
across the surface). The spots are stacked in orderly rows which run generally diagonal from the
lower left to the upper right of the image. This was the direction that the replicated machine
marks ran in. In Figure 3.6c, the upper region of the stamped film is generally clear of spots
because the PDMS stamp in that region was not in direct contact with the foil. An air bubble had
formed between the foil and PDMS slab in this section during storage.
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3.3.2.3 Effects of APTES Concentration on Film Formation

In order to form the grating patterns in the NPO film, the NPO would need to be
decomposed on top of the ink sublayer. Early testing of patterned films found that heating the
patterned ink films to 100°C, a comparatively low temperature to the typical decomposition
temperatures used for forming NPO film, would destroy the grating pattern. In order to heat
stabilize the film structure, APTES was included in the ink solution. APTES is known to act as a
crosslinking agent, providing increased thermal stability and room temperature curing of films
[66]–[69]. Several solutions of varying APTES concentrations were prepared in order to test if
the addition of APTES would affect the film wetting of PMA-based inks. PMA was initially
preferred over ETOH as an ink solvent due to its ability to wet plasma treated PDMS without the
need to purge the spincoater chamber. Unpatterned PDMS stamps were prepared by exposing to
a low power carbon dioxide plasma in a plasma cleaner chamber (Harrick Plasma) at a gas flow
rate of about 8.9 mL/min. for 30 seconds. These settings were found to provide consistent PMA
ink wetting on PDMS. The APTES concentrations used were 0.0%vol, 0.5%vol, 1.0%vol, and
2.0%vol. each mixed in a 3%wt. concentration of PMSSQ in PMA. Flat PDMS samples were
spincoated in an unpurged chamber at 3000rpm/30sec, and then stamped to clean silicon wafer.
The results of this test can be seen in Figure 3.7.
As the concentration of APTES increased, the films dewetted on the plasma treated
PDMS. It was suspected that the APTES was still affected by the moisture in the chamber, so as
the concentration increased, the film became more susceptible to localized dewetting due to
moisture condensation interactions with the APTES. As a result of this test, ETOH was chosen
as the preferred ink solvent. Because the PMA-APTES inks were still affected by chamber

44
moisture, the chamber would still need to be purged along with an additional plasma treatment
step.

Figure 3.7. Increasing concentrations of APTES in a PMSSQ/PMA solution. a.) 0.0%vol.
concentration, b.) 0.5%vol. concentration, c.) 1.0%vol. concentration, d.) 2.0%vol.
concentration.

3.3.3

Heat Stability

To test whether APTES does provides thermal stability to the PMSSQ film, 2 samples
were prepared. The control sample did not include APTES in the film solution, while the other
had APTES at a concentration of 0.25%vol. Both solutions had a PMSSQ concentration of
3%wt. in PMA. The HD DVD-R patterned PDMS was prepared by exposing it to plasma using
the method described in section 3.3.2.3. The inks were spincoated onto the PDMS stamps at
3000rpm/30sec. in a nitrogen purged chamber, and then each was stamped to clean silicon wafer.
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These wafers were then cleaved in half through the stamped film. The films were then heat cured
on a hotplate at slowly increasing temperatures before being placed on a preheated hotplate set to
500°C for 5 minutes. This is the maximum heating temperature used for decomposing NPO film
solutions. Photographs showing the presence of diffraction patterns in the films can be seen in
Figure 3.8.

Figure 3.8. Heat test samples showing pattern preservation using 0.25%vol. APTES
concentration in an ink solution. (top) 2 inch wafer sample heated without any APTES included
in the ink solution. (bottom) 2 inch wafer sample heat with APTES included in the ink solution.

The bottom half of each sample was not heated. Diffraction patterns can be seen in both
sections indicating a presence of physical grating ridges in the film. The top halves were heated
on a hotplate from room temperature to 100°C, and held at this temperature for 10 minutes.
Samples were removed from the hotplate and allowed to air cool for several minutes. After
cooling, the sample without any APTES no longer displayed a diffraction pattern, suggesting that
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the physical pattern had been degraded by the heating process. The heated sample with the
concentration of APTES still maintained a pattern, and was placed back on the preheated
hotplate. The hotplate temperature was then ramped up from 100°C to 250°C, and held for 10
minutes. The sample was taken off and allowed to air cool again for several minutes before
inspection. The sample still displayed a diffraction pattern across the stamp surface, so the
sample was then placed on the hotplate which was preheated to 500°C. The sample was heated
for 5 minutes before being removed and again allowed to air cool for several minutes. The
sample after this high temperature heating can be seen at the bottom of Figure 3.8. While these
results are purely qualitative, they do suggest that APTES does help to thermally stabilize the ink
film to maintain physical structures.

3.3.4

NPO Coating

Besides producing heat stable grating patterns, the NPO film layer needs to be thin
enough to conform to the grating pattern during decomposition. If the film is too thick, the outer
surface of the NPO will effectively be planar, preventing any plasmonic coupling effects that
would be caused by the grating pattern, even if a nanogap containing silver film were to be
deposited. To date, we have not yet demonstrated the physical conformation of an NPO film to a
physical grating sublayer film. Our initial test did reveal that not all NPO films will conform,
which may limit the number of NPO film formulas which are both thin enough, and also able to
support the formation of metallic nanogaps.
The grating sublayer was prepared using the soft lithographic and microcontact printing
methods described previously. The film solution contained a 0.25%vol. APTES concentration,
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with a 3%wt. PMSSQ concentration in PMA. The pattern was cured and heat tempered using the
method described in section 3.3.3. After tempering, the patterned substrate was spincoated with a
7373 NPO film solution. This film was selected because it represented a middle-of-the-road
option of overall film thickness and porosity. The NPO solution was spincoated at
3000rpm/30sec and decomposed at 500°C/5min. The sample was then metallized with silver
using the thermal evaporator. The deposited silver film thickness was 1.0 kÅ (100nm). The
deposition chamber was pumped down to 1.0 x 10-5 Torr prior to heating the silver material. The
average deposition rate for this run was about 1.0 Å/sec. The sample was then cleaved laterally
across the grating orientation so that a cross-sectional SEM image of the film layers could be
taken. This image is in Figure 3.9. A section of the NPO film had flaked off the sublayer
exposing the grating pattern. This can be seen in the left hand side of the figure. It is clear from
this figure that this formulation of NPO is too thick, the outer surface of the NPO has planarized
and no pattern is visible in the silver coating in the NPO region.

Figure 3.9. SEM image cross section of complete sample structure. PMSSQ grating visible on
the left side, while silver-coated NPO covers most of the grating surface.
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3.3.5

FDTD Simulations

Electromagnetic wave interactions were simulated for our structures to better understand
how the plasmonic coupling would occur, and how the coupling can be affected by the physical
and optical properties of the various film layers. The simulations were carried out using FDTD
Solutions (Lumerical Solutions, Inc.). FDTD Solutions uses the finite difference time domain
method to simulate the EM waves. This is done by dividing the simulation region into a fine
square mesh, and solving for either the electric or magnetic field within each square mesh cell
for alternating time steps. Before simulating the structure with all of the film layers, we started
with a simple grating patterned silver-air interface.
For 2-dimensional simulations, FDTD Solutions defines the incident wave as being in the
x-y plane, instead of the x-z plane as discussed in Chapter 2. It also assumes that any material
region is infinitely long in the z-direction. Because we wanted an ideal simulation, the gratings
were modeled as an infinitely repeating number of grating ridges. This was done by defining the
Xmin and Xmax boundaries of the simulation area as Bloch periodic. Any wave energy leaving
one side of the simulation area reenters on the opposite side, with a phase correction. This also
allowed us to reduce the simulation area to only need a single grating period. Thus, the silver
region was defined as a block 400nm wide, the grating pitch of an HD DVD-R grating, and
100nm deep. This was chosen as it was much deeper than the skin depth of silver at visible
wavelengths [70]. The silver optical properties were modeled using built-in data (Ag (Silver) Palik (0-2um)). The Ymin boundary was at the bottom edge of the silver block, and defined as a
metal boundary. This would act as a perfect electrical conductor (PEC), reflecting all wave
energy back through the silver block. The grating ridge was modeled as a silver ellipse resting
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hallway over the top edge of the silver block. The major axis radius was set to 100nm so that the
duty cycle of the gratings would be 50%. The minor axis radius, which defined the ridge height,
was set to 60nm. This is close to the height of silver ridges found by others preparing metallized
grating samples using similar techniques for HD DVD-R master molds [39].
The source was defined as a plane wave, p-polarized with respect to the silver surface.
The wavelength was defined from 490nm to 570nm, in steps of 20nm. The simulation was setup
to sweep each wavelength through an angle of incidence sweep from 0 to 20 degrees, in steps of
0.5 degrees. The source injection plane was set 500nm above the silver block. A field monitor
was placed 100nm above the source injection plane to monitor the reflected wave energy from
the silver surface. The Ymax of the simulation area was also at this location, and was defined as
a perfectly matched layer (PML) with 42 layers. A mesh override was used for the entire
simulation area, which was set to 5nm for dx, dy, and dz. The simulated reflectance curves for
this model is provided in Figure 3.10.
The deep dips in the spectra correspond to the angle for plasmon resonance and are about
1.5 degrees lower from the calculated value. Recall that the formula used for grating coupling is
only an approximation because it does not take into account the effects the structures have on the
surface plasmons. It calculates the coupling based on the perfectly planar formula. As expected,
different wavelengths will have different angles of incidence for coupling.
Because the formula is only approximate, we also simulated the structure for varying
grating ridge heights. The source was defined as 530nm wavelength only, and swept from 0nm
to 20nm angle of incidence. The ridge height was adjusted by changing the ridge minor axis
radius from 20nm to 100nm, in steps of 20nm. All other values and parameters were kept the
same as in the previous simulation. The reflectance spectra for this simulation are in Figure 3.11.
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Figure 3.10. Reflectance spectra for grating patterned silver for multiple incident wavelengths.

The ridge height has a strong effect on both the coupling ability and the angle at which
the coupling occurs. Increasing the height generally decreases the angle of incidence for
coupling. The 20nm ridge height was the closest to the calculated value for these gratings (20nm
ridge height coupling occurred at 15.5 degrees, calculated value was 15.7 degrees), but the 40nm
ridge height provided the most complete coupling of wave energy to the surface plasmons, as
evidenced by the very deep reflectance dip. This is important because as of yet, we have not
completely confirmed that heating the PMSSQ-APTES grating films to high temperatures does
not affect the pattern in any way. There may be some pattern degradation which would lower the
ridge height of the grating pattern.
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Reflectance vs. Angle of Incidence - Multiple Ridge Heights
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Figure 3.11. Reflectance spectra for silver gratings. Grating ridge height was adjusted from 20nm
to 100nm. Incident wavelength was set to 530nm.

The final structure simulated was a stack of grating films which included a silicon
substrate, grating patterned PMSSQ, patterned NPO, and a patterned silver layer. Again, all
regions were 400nm wide. The silicon region was set to 1000nm (1um) deep with the simulation
boundary at the bottom of this region, defined as a metal boundary. On top of this, the PMSSQ
region was modeled as 400nm height, with refractive index defined as 1.36. The ridge was
modeled in a similar manner as the ridge in the previous models. All grating ridges in this model
were defined with a minor axis radius of 40nm, which is the height which showed the strongest
coupling in the previous model. On top of this, The NPO film was modeled as a 45nm thick layer
with a refractive index of 1.22. This is close to the values we found for 8291 NPO films,
discussed in Chapter 4. This layer also had a ridge as we expected to have the NPO conform to
the grating pattern. Finally, the silver grating film layer was modeled on top of the NPO. For this
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simulation we also modeled the silver with varying film thicknesses. The thickness was varied
from 25nm to 100nm in steps of 25nm. Again, incident wavelength was set to 530nm, and swept
over angle of incidences from 0nm to 20nm, in steps of 0.5nm. The spectra are given in Figure
3.12.
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Figure 3.12. Reflectance spectra for silver gratings on NPO and PMSSQ films. Silver film layer
thickness was varied between 25nm and 100nm. Incident wavelength was set to 530nm.

As the thickness increases, the dip drives toward the value found for the silver-only
model for a 40nm high ridge. The 25nm film performed the worst. We theorize that this is due to
coupling to plasmons on the metal-NPO boundary which may have a strong scattering
component, launching EM wave energy into the underlying film layers. Silver films should be at
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least 50nm thick to provide strong plasmonic coupling. The Ey field intensity for 25nm thick
film at an angle of incidence of 13.5 degrees, and a 100nm thick film at an angle of incidence of
15 degrees is shown in Figure 3.13.
The scale for the 25nm film thickness simulation is normalized to the scale for the 100nm
thickness simulation. The 100nm thick film shows strong field intensities bound to the silver
surface, while the 25nm thick film shows very weak field intensities at the silver surface.

Figure 3.13. Ey field intensities for silver grating films on NPO and PMSSQ. Incident
wavelength is 530nm. (top) silver film thickness is 25nm, (bottom) silver film thickness is
100nm.
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3.4

Conclusion

Both direct imprinting and soft lithography with microcontact printing were explored as
techniques for producing physical diffraction grating patterns in NPO films. These processes
provide a direct method for easily replicating the gratings from a pattern master. The direct
imprinting technique can produce periodic patterns directly into metallized and non-metallized
NPO films. The forces required to do so can cause substrate damage and film strip off, reducing
the reproducibility of the method with the materials we used. While the process was more
reliable with metallized NPO, it is unclear at this time if the imprinting will affect the coupling
ability of any plasmonic nanogap structures within the metal film.
Soft lithography and microcontact printing were explored as an alternative, as they are an
additive process and do not require any physical modification of the NPO and silver film layers.
In this method, the grating pattern is produced in a thin film by replicating the pattern from a
master mold. The film is applied to the desired substrate before applying the NPO film solution.
The concept is simple, but the process was hampered by dewetting when applying the grating
film solution to the patterned PDMS stamp. Both the PMSSQ and APTES are sensitive to
moisture during the spincoating process, producing rough films and poorly replicated patterns.
This issue can be prevented by purging the moist air from the spincoater immediately prior to
operating, or by switching the film solvent to one which does not evaporate as quickly, thus not
cooling to substrate down and causing as much condensation to form. These patterned films were
also able to be heat stabilized by adding APTES, a crosslinking agent, to the film solution. A
0.25%vol. concentration of APTES was able to stabilize the film so that a diffraction pattern was
maintained after heating a coated substrate to 500°C. Testing with NPO film did reveal a
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downside to this technique. If the NPO film is too thick after decomposition, it will planarize the
substrate so that no grating pattern exists on the outer surface.
FDTD simulations of the grating pattern and proposed structure revealed that the grating
height and silver film thickness will affect the plasmonic coupling ability of the silver layer. A
grating pattern with a ridge height of 40nm to 60nm provided the strongest coupling of incident
wave energy to the surface plasmons. For the proposed layered structure, the silver film should
ideally be thicker than 50nm to prevent losses into the underlying PMSSQ and NPO layers.

4. HIGH DENSITY NANOGAP FABRICATION

4.1

Concept

Though difficulties with the repeatability of producing high quality grating patterns
prevented the realization of the proposed combination plasmonic surface discussed in Chapter 1,
we continued to explore the theory that nanogap features could be produced solely by the
interaction of deposited silver with the NPO film. While gap-like features which can support
localized plasmonic resonance have been produced using metallic bowtie nanoantennas and
metal nanoparticles, our proposed method would allow for the formation of the nanogaps on the
substrate at the time of deposition [71], [72]. Furthermore, nanogap embedded films produced
using this method would be compatible with other traditional photolithographic processes for
utilization of the nanogaps in more complex designs.
The formation of the nanogaps owes itself to the unique surface characteristics of the
NPO film, namely, a high surface area due to the nanoscopic pores and a low surface energy.
Depositing a fluid material with a high surface energy onto a solid surface with a lower surface
energy will tend to cause the fluid to form beads, as the cohesive force of the fluid is higher than
the attractive force of the surface. If the solid surface has a higher surface energy than that of the
fluid, the fluid will tend to spread across the solid surface. The angle the fluid droplet makes at
the solid surface can be used to determine the surface energy of the fluid material by using a
contact angle measurement system. If the droplet has a higher surface energy compared to the
substrate, the contact angle will typically be greater than 90°. If the droplet has a lower surface
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energy, it will tend to spread out across the substrate surface resulting in a contact angle less than
90°. An example of contact angle measurements can be seen in Figure 4.1

Figure 4.1. Contact angle measurements of DI water on PDMS. a.) after incubating a surface
with APTES the surface has a lower surface energy than the droplet, b.) after O2 plasma
treatment the surface has a higher surface energy than the droplet.

The same effect occurs when depositing silver, a high surface energy material, to a low
surface energy substrate, such as glass (silicon dioxide). At low deposition thicknesses, the silver
tends to form isolated clumps of silver, sometimes referred to as silver island films [38, p. 5],
[73]–[77]. As more material is deposited, the islands grow and begin to coalesce. It has been
reported that a deposition thickness of around 30nm will result in a fully continuous silver film
layer [78]. If the silver were to be deposited onto a surface with characteristics which support
larger, thicker silver islands, a deposited silver film may be able to support these discrete silver
islands at higher film thicknesses.
This chapter discusses experiments carried out in conjunction with Argonne National
Laboratory (ANL) of the effects that NPO has on the formation of silver islands. Because the
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NPO surface characteristics can be easily modified by changing the formulation of the precursor
solutions and by changing the decomposition temperature, we expected to not only be able to
produce nanogaps, but to also be able to control the density of gaps across the silver film surface
by changing the NPO formulation. This would allow for the tuning of the plasmonic surface to
change the ensemble fluorescence enhancement ability of the silver film.
Optical characterization of the non-metalized NPO films was carried out using a Horiba
spectroscopic ellipsometry system for capturing the film thicknesses and refractive indexes at
630nm fitted using the Cauchy model. Ensemble fluorescence enhancement (FE) and
fluorescence blinking images were captured using a Nikon E600 epifluorescence microscope
with a Hamamatsu ORCA-ER monochrome digital CCD camera. A TRITC HYQ filter cube (ex.
545, em. 620) was used. FE measurements were captured using a 10x Plan Fluor objective (NA=
0.3), and mean intensities were calculated using ImageJ software, a free image analysis program
provided by the National Institutes of Health. An illustration of how an epifluorescence
microscope works is shown in Figure 4.2. The maximum angle of incidence can be found from
the following equation [79]:
(4.1)
where

is the numerical aperature of the objective lens,

is the refractive index of the

medium between the objective lens and the sample surface, and

is the maximum angle of

incidence. This value is especially important when examining plasmonic surfaces which contain
structures which are dependent on the angle of incidence to induce coupling, such as planar and
grating configurations.
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Figure 4.2. Illustration of the setup for an epifluorescence microscope. The inset image shows
the formulation for determining the maximum angle of incidence.
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4.2

Materials and Methods

4.2.1

NPO Fabrication

The silver nanogaps were fabricated by first preparing nanoporous organosilicate (NPO)
film on silicon substrates. The NPO film solution consisted of polypropylene glycol (PPG; m.w.
425) and polymethylsilsesquioxane (PMSSQ; Techneglas, GR650F) dissolved in propylene
glycol monomethyl ether acetate (PMA) mixed by weight [52]–[54]. Three separate solutions
were prepared with the following weight ratios: 8:2 solvent (PMA) to solute, with the solute
containing a ratio of 8:2 parts PPG to PMSSQ (8282); 8:2 solvent to solute, with the solute
containing 9:1 parts PPG to PMSSQ (8291); and 5:5 solvent to solute, with the solute containing
7:3 parts PPG to PMSSQ (5573). Solutions were mixed on a vortex mixer for several minutes
and then placed in an ultrasonic bath for several more minutes. Individual solutions were spin
coated onto silicon wafers at 3000rpm/30sec. Coated wafers were immediately placed onto a hot
plate preheated to either 450°C or 500°C for 5 minutes. Wafers were then air cooled to room
temperature.

4.2.2

Silver Metallization

Silver depositions were performed using a Kurt Lesker electron beam evaporator system.
Vacuum pressure was held at 2 x 10-8 Torr. Before silver deposition some samples were first
coated with a germanium adhesion layer. Silver and germanium was deposited at a rate of 2, 10,
and 30 Å/s.
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4.2.3

R6G Film and Direct Deposition

Silver metallized samples were coated with a fluorescent gain medium by preparing a
1%wt. solution of PMSSQ in ethanol (Sigma Aldrich, 100% analytical grade) which was then
doped with a 10uM concentration of Rhodamine 590 fluorescent dye (R6G; Exciton). This
solution was spin coated onto the samples at 3000rpm/30sec. Florescence blinking images were
captured using a 100x Plan Fluor oil immersion objective (NA=1.3). Rhodamine 6G was directly
deposited onto the sample surfaces for these image captures. Dye solutions were prepared at a
concentration of 1uM, 0.1uM and 0.01uM in ethanol. Samples were cut to 5mm2 pieces using a
scribe and a hand held wafer breaking tool. 5uL of dye solution was dispensed to the sample
pieces and allowed to air dry before imaging.

4.3

4.3.1

Characterization

Ellipsometry (NPO Only)

The properties of the NPO film can be easily manipulated to produce different silver
nanogap formations. The surface area of the film can be adjusted by simply modifying the byweight concentrations of substituent materials which comprise the precursor solution, and by
altering the curing temperature which the coated substrates are exposed to. We examined the
optical properties of two NPO films, 8282 and 8291 prepared on Si wafer and heated at 450°C
and 500°C. Optical properties of the samples were collected using a Horiba spectroscopic
ellipsometry system. Table 1 shows the sample film thickness, the A and B values for the
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Cauchy fitting, and the refractive index of the fitted data taken at 630nm, and the χ error
2

parameter for the fit.

Table 4.1. Ellipsometry data collected for NPO films.
Sample formula
and heating temp.

Thickness (Å) Cauchy A

2

Cauchy B

n @ 630nm

χ

8282 450°C

1141.987

1.140786

0.1389235

1.144

0.015581

8282 500°C

1055.012

1.120835

0.1242833

1.124

0.027913

8291 450°C

446.104

1.217129

0.1800756

1.222

0.026744

8291 500°C

460.572

1.147475

0.1274224

1.151

0.014374

The optical properties change for different formulas and heating temperatures. The 8282
will tend to be thicker than the 8291 film, and higher heating temperatures tend to increase the
formation of nanopores within the film. This change is seen in the refractive index of the films.
Higher porosity films will be comprised of higher concentrations of air throughout the film,
causing the effective refractive index of the overall film to be lower than that of denser, less
porous films.

4.3.2

SEM Imaging of Silver Nanogap Structures

Simply adjusting the formulation of the NPO film and the heating temperature used to
decompose the deposited film solution was found to alter silver film when deposited on top of
the NPO. Figure 4.3 shows SEM images of silver nanogap structures on 3 different NPO films.
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Images were captured using the SEM column on a Raith 150 electron beam lithography system,
at a magnification of about 80kx, and an EHT of 10kV. Figure 4.3a-c show silver deposited onto
NPO film. The denser 5573 (Figure 4.3a) has many small discontinuous nanogaps while the
thinner 8291 (Figure 4.3c) shows a fully continuous silver mesh. The sample in Figure 4.3d had
a 2Å Ge adhesion layer applied on top of 8282 NPO film before depositing the silver. This
adhesion layer caused the silver to form a continuous film across the entire film surface.

Figure 4.3. Silver nanogaps on NPO film. 25nm silver deposited at 10Å/sec onto a.) 5573 NPO
film, b.) 8282 NPO film, c.) 8291 NPO film, d.) 5573 NPO film with 2Å Ge adhesion layer
(deposited at 10Å/sec).
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The deposition parameters of the silver also affected the size and shape of the nanogaps.
Figure 4.4 shows SEM images of silver deposited onto 5573 film at a deposition rate of 2 Å/sec.
(Figure 4.4a) and 10 Å/sec. (Figure 4.4b). The slower deposition rate allows the silver to
coalesce into tighter silver “beads” whereas the faster deposition rate drives the silver to spread
and form interconnections between beads, creating larger serpentine structures.

Figure 4.4. SEM images of silver deposited onto 5573 NPO film at a thickness of 25nm. a.) the
deposition rate was 2Å/sec, b.) and 10 Å/sec.

4.4

4.4.1

Results

Fluorescence Enhancement

Metallic nanogaps in metal films have been shown to support fluorescence enhancement
[80]. This is beneficial for sensing applications using fluorescent material as the detecting
medium. Nanogaps create a localized region of EM field enhancement by supporting localized
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plasmonic resonance within the gap, which can couple to the absorbing and emitting EM field
from fluorophores within close proximity to the gap. The effect on the fluorophore is shorter
fluorescent lifetimes, meaning that the emitted photonic energy is released over a shorter period
of time, resulting in an observed increase in intensity. Shorter lifetimes also increase the
robustness of the fluorophores by lowering the probability of photo bleaching due to oxidation
while in the excited state [1], [81]–[83].
Silver films formed on top of NPO film have gap regions which can support this
fluorescent enhancement. Furthermore, the density of gaps capable of supporting the
enhancement can be easily controlled by changing the formulation of the NPO as described
previously. Figure 4.5 shows fluorescence images captured by coating samples with a PMSSQ
film doped with a 10uM concentration of fluorescent dye. Images were captured at 10x
magnification.

Figure 4.5. Epifluorescence microscope images of nanogap samples. Day 181, 10x magnification,
samples coated with 10uM concentration of R6G doped PMSSQ film. a) glass control, b.) 8291
@ 450°C, c.) 8291 @ 500°C.

Samples were imaged 1, 5, and 181 days after metallization. To measure the fluorescence
enhancement of each sample, the captured epifluorescence microscope images were processed in
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ImageJ using the Measure function to find average pixel intensities for a given area on each
sample image. These mean pixel intensities were then applied to the following formula [39]:
(4.2)
where

is the pixel intensity of the test sample coated with dye film,

of the test sample without a dye film coating,
dye film coating, and

is the pixel intensity

is the pixel intensity of the control sample with

is the pixel intensity of the control sample without a dye film coating.

The test and control samples are imaged without dye in order to remove any background
fluorescence and noise from the system. The control sample used in these experiments was a
standard glass microscope slide.
The mean fluorescence enhancement can be controlled by adjusting the formulation of
NPO and the processing temperature of the film during decomposition. Increasing the processing
temperature by 50°C resulted in a drop in mean FE by 9.03 for the 8282 samples measured on
day 1. This drop corresponds to a 72% drop in mean FE. For the more porous 8291 NPO
samples, adjusting the heating temperature resulted in a drop of 6.24 mean FE, or 36.5% for the
day 1 measurements. Comparing the difference between the NPO formulas for the day 1 data,
changing from an 8282 to an 8291 formulation (decomposed at 450°C) resulted a change of 4.52
enhancement factor, corresponding to a 36% increase. The highest mean FE was seen on the
8291 sample decomposed at 450°C. The enhancement was 17.0 at day 1 and 17.7 on day 5, and
21.0 on day 181. Figure 4.6 shows a comparison of the mean fluorescent enhancement factors for
all 3 days of measurement.
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Figure 4.6. Time comparison of mean fluorescence enhancement factors for R6G film on silvercoated NPO. Measurements were normalized to an R6G film-coated glass microscope slide
control sample.

Figure 4.7 shows the time comparison of the maximum FE value collected for the
samples. The maximum value was taken by finding the highest pixel value within the chosen
sample area for each microscope image. When the maximum FE data is compared 4 days apart,
the samples on NPO film are consistently lower by as much as 5.22 FE, while the film on bare Si
wafer is generally stable. The highest maximum FE was seen on the 8291 sample decomposed at
450°C. The maximum FE for this sample was 23.7 on day 1, and 18.66 on day 5, and 28.4 on
day 181. This decrease in intensity over time may be due to degradation of the nanogaps in the
silver film. The FE may be increasing after very long periods of time due to the formation of a
tarnish layer on the silver, which would create a boundary between the metal surface and the
close proximity fluorophores.

68

Enhancement Factor

Maximum Fluorescence Enhancement Comparison of NPO
Heating Test Samples
30
28
26
24
22
20
18
16
14
12
10
8
6
4
2
0

Day 1
Day 5
Day 181

Glass Control

Ag on bare Si
wafer

8282 450°C

8282 500°C

8291 450°C

8291 500°C

Figure 4.7. Time comparison of maximum fluorescence enhancement for R6G film on silvercoated NPO. Measurements were normalized to an R6G film-coated glass microscope slide
control sample.

Results from long time studies must be carefully scrutinized because of the dependence
of the enhancement factor on the source intensity. The enhancement factors will fluctuate
between collection days if the source does not provide consistent intensities across all days and
times during the study. This is also important when comparing results from two different studies.
The source for the epifluorescence microscope used here is a 100 watt mercury vapor lamp. The
lamp intensity does change over time especially when first turned on. It requires a warm up time
of 15-30 minutes to stabilize. Usage over time of the equipment will also cause the lamp
intensity to degrade, resulting in unstable emission. While the results presented here are
promising, it is difficult to draw concrete conclusions between days from the time study without
the use of a reliable excitation source.
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4.4.2

Hotspots

The silver nanogaps are effective as a method for enhancement of fluorescence in
ensemble sensing systems. The nanogaps have also been shown to be able to be useful for single
fluorophore sensing. Figure 4.8 shows a series of epifluorescence microscope images taken at
various magnifications for the 8291 sample decomposed at 450°C. R6G dye was used as the gain
medium. Unlike in the imaging done for the ensemble mean FE measurements, the dye here was
incubated directly on the silver film surface until dried without first being mixed with PMSSQ.
The dye was also at a much lower concentration, 0.01uM vs. a 10uM concentration used for the
ensemble mean FE measurements. This allowed the dye fluorophores to be much closer to the
silver film and much deeper within the nanogaps, while also being at a low enough concentration
to prevent the images from being completely saturated.
Figure 4.8a is taken at 10x magnification, the same as for the ensemble measurements.
Bright spots can be seen surrounding a bright central core of dye. Figure 4.8b is the same sample
taken at 40x magnification. Figure 4.8c shows the central dye core taken at 100x magnification
using a very low fluorescing immersion oil. Figure 4.8d shows a zoomed in view of a 100x
magnification image of the same dye core. At this magnification, single bright spots are clearly
visible. These spots are surrounded by a single ring. This dipole pattern is typical of enhanced
single fluorophore emission. At least one bright spot can be seen surrounded by multiple broken
rings.
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Figure 4.8. Epifluorescence microscopy images of the 8291 @ 450°C sample. R6G dye at a
concentration of 0.01uM was incubated directly on the silver film. a.) 10x magnification, 50
gain, 100ms exposure time. b.) 40x magnification, 50 gain, 100ms exposure time. c.) 100x
magnification, 50gain, 100ms exposure time, d.) zoomed in view of a 100x magnification image
showing the broken ring patterns seen in the hotspots.

4.4.3

FDTD Far Field Simulations

The cause of the broken ring patterns seen when directly depositing fluorophores to our
nanogap films was not well understood. Typical fluorophore dipole ring patterns had been
reported in the past, but were typically only single unbroken ring patterns around a pin point. It
was suspected that the emission pattern was indeed a result of the plasmonic structures. In order
to determine if the larger plasmonic structures in our nanogap films could interfere with the
emission pattern of an emitting dipole, such as a fluorophore, electromagnetic field simulations
were produced to examine the far field projections of a dipole source emitting in close proximity
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to various plasmonic structures of similar size and shape to those seen in the SEM images. For
this, we used FDTD Solutions (Lumerical Solutions, Inc.) software package. The chosen
plasmonic structures to model can be seen in the SEM image in Figure 4.9.

Figure 4.9. SEM image of Ag nanogaps on 8291 NPO film. Silver film thickness is 100nm,
deposited at 30Å/sec.

The 3D simulation region consisted of a 4200nm x 4200nm x 200nm flat base plane of
silver. This size was chosen so that the wave emitted by the dipole source would travel several
wavelengths before exiting the simulation boundary. This would provide the near field monitor
with enough area to properly compute the entire far field projection. The optical properties of
silver base and features are modeled using built in permittivity values (Ag (Silver) - Palik (02um)). The silver features were constructed at the center of the base plane surface, and protruded
out of the plane by 50nm. This was done because we suspected the nanogaps did not run through
the entire thickness of the silver film. The source was modeled as a dipole emitter with a
wavelength of 560nm, the peak emission of Rhodamine 6G dye, and located at the center of the
base plane, 10nm above the protrusions. The source electric field theta angle was set to 0°
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(perpendicular to the surface), 45°, and 90° (parallel to the surface) to investigate if dipole
orientation also affected the far field pattern. A mesh override region was set around the surface
protrusions, with an override step in the x, y, and z directions of 5nm. A 2D z-normal field
monitor was set at 10nm above the dipole source, and stretched across the entirety of the
simulation area. This monitor computed the far field from the total near field wave energy that
crossed its plane. The FDTD simulation boundary was set to 4200nm x 4200nm x 740nm,
centered on the base plane, with the bottom edge of the simulation space at the bottom edge of
the silver base plane. Boundary conditions on all sides were defined as perfectly matched layers,
with 42 layers within the boundary region. The simulation region mesh was set to an accuracy of
5, and used conformal variant 1, which works well for metal structures. A schematic layout of
the protrusions can be seen in Figure 4.10.

Figure 4.10. Schematic of the silver protrusion used in FDTD far field simulations. Protrusion 1
is centered below the dipole emitter.

For each of the dipole source orientations, the protrusions were added one at a time so
that any perturbation of the far field caused by the structure would be apparent. The initial
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simulation had no protrusions (base plane only). Protrusion 3 included two separate smaller
protrusions which were added together at the same time. The far field emission patterns for all 12
simulations can be viewed in Figure 4.11, without equalized scales, and Figure 4.12, with
equalized scales.
It is clear from these far field projections that both the orientation of the emitter and the
inclusion of plasmonic surface structures will influence the emission pattern. As can be seen in
the equalized plots, the inclusion of the subwavelength protrusions can cause strong absorption,
greatly attenuating any far field emission, particularly for dipoles oscillating parallel to the
surface plane (90 degrees). While this does not fully explain the broken ring patterns seen in the
fluorescent microscope images, it does demonstrate that ring-like patterns can be produced by
dipole emitters such as fluorophores, and the emission pattern can be affected by surface
structures within the emitter’s vicinity.

4.5

Conclusion

This work has demonstrated that NPO film can drive the formation of plasmonic nanogap
structures in silver film. These structures can provide metal enhanced fluorescence when coated
with fluorescent dye used as a dopant in an organosilicate film layer. The enhancement factor
can be adjusted by changing the NPO film precursor solution concentrations and by adjusting the
decomposition temperature when preparing the NPO film. While the enhancement factors
generally appear to be stable over long time periods, measurements must be taken with a reliably
stable excitation source as enhancement factors are dependent on source intensity.
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Figure 4.11. Far field projections for silver surface structures, plot scales are not normalized.
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Figure 4.12. Far field projections for silver surface structures, plot scales are normalized.
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Direct deposition of the dye to the structures produced a high density of blinking
hotspots, indicative of single fluorophore emission. While many of the hotspots produced a
typical dipole-like ring pattern, some of the very bright hotspots produced multiple broken ring
patterns. Each pattern was unique to the hotspot, which suggests that the pattern was not due to
an imaging artifact, such as a lens flare. While the exact source of these patterns was not
confirmed at this time, far field projections of plasmonic silver structures produced similar
patterns for a dipole emitter set to the peak emission wavelength of Rhodamine 6G fluorescent
dye (560nm). This does not explain why some hotspots are much more intense than others. It
may be due to certain nanogap features providing better field confinement. This was not
investigated in the FDTD simulations, which solely focused on generating the broken ring
patterns. The localized plasmons were not in a resonance coupled state when the dipole began
emitting.
To better understand which features are producing the strongest hotspots, it would be
worthwhile to image samples in both the near field and far field, and compare to SEM images
within the same sample region. The near field plot can be collected using a near field optical
microscope (NSOM) on non-dye coated samples. The NSOM uses a tapered metalized fiber
optic tip to generate an evanescent field which can be used to directly couple energy to the
surface plasmons. This is similar to the Otto configuration for plasmon resonance described in
Chapter 2. If the broken ring patterns are present in both the near and far field for the same
sample area, this may further indicate that the ring patterns are generated by the plasmons rather
than just the fluorophore acting as a dipole emitter.
This work also demonstrates that NPO films can produce the nanogaps for the grating-gap
structure discussed in Chapter 3. Further testing of the formation of the gaps should also be
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performed for the decomposition of NPO on PMSSQ-APTES film layers, as the NPO film
formation is driven by the surface energy and characteristics of the substrate which the film
solution is decomposed upon.

5. NANOCHANNEL FABRICATION USING SOFT LITHOGRAPHY

5.1

Concept

The techniques described in the previous chapters have also been investigated for use in
nanochannel fabrication. Nanochannels have found use in lab-on-chip designs for chemical and
biological analysis, micro heat exchangers, and microreactors [10], [84]–[86]. While standard
photolithographic processes can be used to produce nanochannels, soft lithographic printing
techniques have been demonstrated to produce high quality, enclosed sub-micron channels [58].
Some of the techniques involve the use of patterned PDMS as the actual wall of the channels by
adhering the patterned side of the PDMS slab to a substrate [87], [88]. Others use the PDMS as a
mold, similar to the technique described in Chapter 3, to produce a thin-walled corrugated metal
film which can then be stamped to a substrate [89]. This method is advantageous as it allows for
multiple layers to be stacked together.
Herein details work towards fabricating nanochannels from APTES crosslinked PMSSQ
film using our current materials and methods. The concept is quite simple. We simply use a two
transfer technique to flip the grating patterned film over such that the grating ridges act as the
stubs separating the individual channels. The advantages to this technique are that the channel
dimensions are controlled directly by the pattern of the PDMS mold, so the film can be prepared
to be any thickness. The film itself is optically transparent, making it useful for fluorescencebased applications and direct imaging of the channel environment. The film is also heat stable to
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at least 500°C. This allows the nanochannels to have potential uses in harsh conditions. Finally,
the films can also be stacked, allowing for the production of multilayered designs. However, this
current process is not without its drawbacks. It suffers from the same PDMS wetting issues when
using ethanol-based PMSSQ film solutions, as detailed in Chapter 3, and due to the surface
energy characteristics of the materials used, the procedure requires multiple steps which means
there is potential for mechanically induced nanoscopic cracking within the film if care is not
taken when handling the samples. The steps for our finalized fabrication process are illustrated in
Figure 5.1.

Figure 5.1. Work flow illustration of the finalized nanochannel fabrication process.

The stamp used for the second transfer is composed of a stack of four distinct layers of
material. In order to aid wettability and adhesion of the layers, plasma treatment is performed on
each layer of the stack. The first layer is a flat PDMS stamp which acts as the substrate for the
stack. This is coated with a layer of PMSSQ film mixed with APTES as a crosslinking agent.
The APTES causes the film layer to become permanently bonded to PDMS when heated. This
layer is necessary as the photoresist film which is deposited onto it was found to adhere much
more strongly to PMSSQ-APTES film than to PDMS. The photoresist acts as a sacrificial layer,
to be dissolved with acetone to release the PMSSQ film from the stack after it has been bonded
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to the Si wafer substrate. The grating patterned film is prepared separately using the soft
lithography technique described in Chapter 3. The film is stamped and transferred to the
photoresist surface with the grating side facing up. The stack is heated a second time to cure the
grating film layer, forming a more robust film. After heating, only the wafer substrate is plasma
treated, as vacuum depressurization was found to promote cracking within the film stack. After
plasma treatment of the wafer substrate, the film stack is stamped and allowed to make a
complete, conformal contact. The wafer with the film stack and flat PDMS still attached is
heated to speed up the bonding between the wafer surface and the patterned film. After heating,
the sample is rinsed with acetone to dissolve the photoresist and allow the PDMS to be removed
for the wafer. The patterned film is bonded to the wafer so it remains in place, grating side down.
The grating ridges form the stubs between the nanochannels. This process could be repeated to
produce a 3D array of nanochannels stacked upon one another.

5.2

Materials and Methods

The process is a two transfer method whereby the film was first patterned using the soft
lithographic technique by spincoating the PMSSQ-APTES film onto patterned PDMS, stamping
the film first to a flat “dummy” PDMS stamp, and then stamping the film from the dummy
PDMS to the desired substrate. This technique is simple in theory, but initial trials were
hampered by broad scale film tearing and cracking as a result of poor film adhesion to the
dummy PDMS during the first transfer. The process was eventually improved upon by the
inclusion of a sacrificial photoresist layer and a bonded PMSSQ-APTES sub-layer to aid in film
adhesion.

81
5.2.1

PDMS Mold Preparation

Two separate PDMS molds were prepared for this process, a grating patterned PDMS
mold and a flat PDMS mold. The grating patterned PDMS master mold was a recordable Blu-ray
disc (BD-R, Memorex) which was prepared by scoring edge of the read/write side of the disc
with a razorblade, and then lifting off the protective layer using adhesive tape to expose the
physical grating pattern. The exposed disc was then flushed with ethanol (Sigma Aldrich, 100%
analytical grade) to remove any residues and then dried using a nitrogen dusting gun. The disc
was then placed grating pattern up in a plastic petri dish. The PDMS (Sylgard184, Dow Corning)
was prepared in two stages. First, a 9 gram mixture in a 5:1 weight ratio of base solution to
crosslinking agent was weighed out and vigorously mixed for 15 minutes. we used this ratio to
ensure that the sub-micron patterns were being properly replicated in the mold. We only needed
to use this higher concentration at the disc surface, so we only used enough 5:1 ratio solution to
just cover the entire surface of the BD-R. The mixture was then poured over the disc surface and
allowed to cure overnight at room temperature. The petri dish was covered with the dish lid and
sealed with wax tape to minimize airborne contamination. The next day, a 37 gram, 10:1 weight
ratio of base solution to crosslinker solution was weighed out and vigorously mixed for 20
minutes before being poured on top of the partially cured 5:1 PDMS layer. The petri dish was
sealed for several days before use.
The flat PDMS mold was prepared in a similar manner. The flat mold did not need a
higher concentration of crosslinking agent, so only a 33 gram, 10:1 mixture was prepared and
poured directly into a petri dish which had been rinsed with ethanol and dried with a nitrogen
dusting gun. This mold was also covered and sealed with wax tape for several days before use.
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After both molds were sufficiently cured, smaller stamp pieces were cut from the molds without
prior removal from the dish. Because BD-R discs were readily available, there was no need to
preserve the master mold for later use, so the PDMS did not need to be separated before cutting.
This would decrease the likelihood of contamination and pattern distortion.

5.2.2

PMSSQ Film Preparation

A stock PMSSQ film solution was prepared at a 3%wt. concentration of
Polymethylsilsesquioxane (PMSSQ, GR650F, Techneglas) in ethanol. This solution was vortex
mixed for 1 minute and then agitated using an ultrasonic bath for 1 minute. After mixing, the
solution was mixed with (3-aminopropyl) triethoxysilane (APTES, Sigma Aldrich) in a
0.25%vol. concentration of APTES to 3%wt. stock PMSSQ solution. Air within the PMSSQAPTES solution vial was gently purged with dry nitrogen for about 10 seconds prior to vortex
mixing. The solution was vortex mixed for 30 seconds, and then agitated in an ultrasonic bath for
30 seconds. This film solution was used for both the patterned film to make the actual
nanochannels, as well as for producing the bonded PMSSQ-APTES sublayer on the flat PDMS
in later process designs. Film solution was applied to PDMS stamps by spincoating at
3000rpm/30sec. The spincoater chamber was purged for 2 minutes using dry nitrogen to reduce
the amount of moist air present prior to dispensing the film solution.
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5.2.3

Photoresist Film Preparation

The photoresist (Microposit S1813) used as a sacrificial layer was diluted in propylene
glycol monomethyl ether acetate (PMA, Sigma Aldrich) at a weight ratio of 1:50 photoresist to
PMA. After weighing, the dilute solution was vortex mixed for 1 minute before being agitated
with an ultrasonic bath for 1 minute. Diluting the photoresist was necessary to produce a thin
sacrificial layer. Thicker layers had a tendency to crack easily when the coated PDMS stamps
were handled.

5.2.4

Plasma Cleaning and Heat Curing in the Final Fabrication Process

Other than when spincoating the PMSSQ-APTES film to grating patterned PDMS, each
step in the final process required plasma treatment of the film stack surface in order to modify
the film surface to promote wetting and good film adhesion. Each plasma treatment for the film
stack preparation was carried out using a Harrick Plasma brand plasma. Carbon dioxide (CO2)
gas was used as the plasma medium at a flow rate metered to 22.2 mL/min. The samples were
exposed for 45 seconds with the plasma power set to “low”. The wafer substrate for the second
transfer was prepared by adjusting the flowrate meter to 8.9 mL/min. The wafer substrate was
exposed for 35 seconds.
Both the PMSSQ-APTES grating film and sublayer were heat cured after spincoating and
stamping to their PDMS stamps. Both films were cured by placing the PDMS pieces film-side up
for 10 minutes on a preheated hotplate set to 50°C. Samples were covered with a small plastic
petri dish lid to prevent contamination of the film layer during heating. Heating the PMSSQ-
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APTES drove the bonding and crosslinking of the film structure which created a more stable
rigid film. If the PMSSQ-APTES film was heat cured while in contact with PDMS, it was found
to become permanently bonded to the PDMS surface.

5.3

Development of the Complete Fabrication Process

The initial concept of the fabrication process went through several iterations as testing
revealed key flaws in the method. The ultimate goal of the process was to produce a defect-free,
inverted patterned thin film to a wafer surface. Figure 5.2 illustrates the workflow for the three
main iterations of the fabrication process. Figure 5.2a shows the initial design which simply
attempts to transfer the film between two PDMS substrates and a second transfer to the wafer
substrate. Film damage due to poor surface adhesion during the two transfer process ultimately
necessitated the inclusion of two more film layers. The photoresist acts as a sacrificial layer for
the lift off process, and was found to have strong adhesion with PMSSQ-APTES film. The
unpatterned PMSSQ-APTES sublayer provides strong adhesion between the photoresist and flat
PDMS substrate. This was found to be necessary to prevent strip off of the photoresist during the
first transfer.

5.3.1

Initial Fabrication Process: PDMS and Patterned Film Only

The initial concept for the process was much simpler than the final method. The idea was
to prepare the film on the patterned PDMS, stamp it first to a flat PDMS dummy stamp, which
would then be used as a stamp to transfer the film to the desired substrate. This would, in effect,
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flip the film over such that the grating side of the film would be in contact with the substrate.
Because both stamps were prepared from PDMS, they would have similar binding properties
with the PMSSQ. Because the grating patterned PDMS has a higher contact surface area with the
PMSSQ film, surface energy modification of the flat PDMS was investigated to determine if it
would aid in patterned film transfer between the PDMS stamps.

Figure 5.2. Illustration of the discussed nanochannel fabrication processes. a.) Initial concept
where patterned film is stamped to flat PDMS and stamped again to a wafer, b.) Inclusion of a
sacrificial layer to include lift-off lithography, c.) Inclusion of a sublayer of PMSSQ-APTES
film to improve adhesion between the photoresist and flat PDMS.

Our initial testing was to determine the necessary plasma exposure time needed to
provide adequate transfer of the film layer. For this test, we used HD DVD-R (Memorex)
patterned PDMS using the 5:1/10:1 weight ratio layer method described in the previous section.
Flat PDMS was prepared separately in a plastic dish at the 10:1 weight ratio. The flat PDMS
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stamps were plasma cleaned with CO2 gas at a flow rate of 8.9mL/min and low power for an
exposure time of 0, 20, 30, 40, 50, 60, and 120 seconds. The patterned PDMS was inked with
PMSSQ-APTES solution, and stamped to the flat PDMS pieces. They were left in contact for 10
seconds before peeling off the patterned PDMS. The transferred films were then examined under
a light microscope. Figure 5.3 shows photographs of transferred films on flat PDMS. Diffraction
patterns caused by the gratings are visible.

Figure 5.3. PMSSQ-APTES film transferred to plasma treated flat PDMS. a.) Control film
stamped directly to wafer, b.) 0 sec. plasma exposure, c.) 20 sec. plasma exposure, d.) 120 sec.
plasma exposure.

Figure 5.3a is a control stamp which was stamped from the patterned PDMS directly to a
bare Si wafer to compare film quality. 5.3b-d are transfers onto 0, 20, and 120 second plasma
exposed flat PDMS, respectively. Strip off of the film can be seen as distortion of the diffraction
pattern. Examination of the films with a microscope revealed that 50 seconds of plasma exposure
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at our system settings provided an adequate surface energy modification to achieve stable film
transfer. Figure 5.4 shows edges of the films on PDMS at 20x magnification.
Figure 5.4a is the control sample stamped directly to the Si wafer surface. 5.4b-h are the
sample edges at 0, 20, 30, 40, 50, 60, and 120 seconds of plasma exposure, respectively. Edge
enhancement was performed using the FindEdge function in ImageJ. It can be seen that at and
above 50 seconds of plasma exposure there is very little film damage towards the film bulk (right
side of the images). While plasma treatment did improve the transfer, the transfers were not
completely defect free within the bulk of the film. Small regions of tearing and cracking were
still present, as seen in Figure 5.5, which shows film tearing in the bulk region in the 0, 20, 40,
and 60 seconds of plasma exposure samples. Images were captured at 100x magnification. While
there was strip off within the 60 seconds exposure sample, the strip off was largely composed of
continuous pieces rather than the fractured and broken regions seen in the samples with shorter
exposure times.
Handling of the flat PDMS with the transferred film was also a source for defects within
the film. Because the film is a thin brittle layer sitting on top of a flexible stamp, mechanical
manipulation of the film coated stamp would tend to cause fine cracking within the film. This
effect can be seen in Figure 5.6, which shows the edge of the 120 seconds of plasma exposure
sample at 20x magnification, before and after manipulation.
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Figure 5.4. Microscope images of transferred PMSSQ-APTES film edges. Images have been
edge enhanced to show cracking. PDMS was treated with CO2 plasma for the following exposure
times: a.) control film stamped to wafer. b.) 0 sec. c.) 20 sec. d.) 30 sec. e.) 40 sec. f.) 50 sec. g.)
60 sec. h.) 120 sec.
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Figure 5.5. Microscope images of PMSSQ-APTES film damage within bulk region. 100x
magnification. a.) 0 sec. plasma exposure, b.) 20 sec. plasma exposure, c.) 40 sec. plasma
exposure, d.) 60 sec. plasma exposure.

Figure 5.6. Microscope images of PMSSQ-APTES film cracking due to manipulation of the
PDMS substrate. 20x magnification. a.) film before lifting the PDMS substrate, b.) after lifting
the PDMS substrate.
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In Figure 5.6a the flat PDMS was undisturbed after transferring the grating film to the flat
stamp surface. No fine cracking is visible towards the bulk of the film (right hand side). In
Figure 5.4b, the flat PDMS had been peeled off its mounting wafer using tweezers and placed
onto a second wafer. Fine diagonal cracking is visible on the right hand side of the image. This
cracking formed perpendicular to the direction in which the flat PDMS was peeled. While the
overall quality of the films was not ideal, a large enough defect-free region could be produced on
the flat PDMS to warrant continued testing of the second transfer to the Si wafer.
During our experiments with producing grating patterns on silicon wafers (Chapter 3) we
were able to get PMSSQ-APTES films to transfer directly from the patterned PDMS to silicon
wafer without the need for plasma treatment of the wafer and film. Films transferred to plasma
treated PDMS would not readily transfer when stamped to a Si wafer. In order to test if heating
the wafer and film while in contact with each other would bond the film to the wafer, a flat
PDMS dummy stamp was plasma treated for 50 seconds in the plasma cleaner using the system
settings described previously. An HD DVD-R grating patterned PMSSQ-APTES film was then
prepared and transferred to the dummy stamp. This was then stamped to a clean Si wafer. Before
peeling off the PDMS stamp, the wafer was placed on a hotplate set to 75°C for 10 minutes.
After heating, the sample was allowed to cool for several minutes before peeling off the PDMS.
Doing so revealed a high degree of damage to the film. Figure 5.7 shows photographs of PDMS
stamped to the wafer before heating, after heating, and the PMSSQ-APTES film after peeling.
The diffraction pattern was visible through the PDMS stamp before the heating step (5.7a), but
was not visible immediately afterwards (5.7b).
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Figure 5.7. Diffraction patterns as seen during the second transfer to wafer surface. a.) pattern
visible through PDMS stamp prior to the heating bonding step, b.) pattern no longer visible after
the heating step, c.) highly damaged film producing diffraction pattern after removing the PDMS
stamp.

Due to the large amount of film damage and the difficulty in peeling off the PDMS, we
believe the film layer bonded to both the Si wafer and the PDMS stamp. The heating process
may have caused distortion of the PDMS stamp causing the nanochannels to collapse. This
would result in the diffraction pattern not being apparent after heating. Interestingly, a diffraction
pattern was present in the rough film after the peel off step. If the PMSSQ film was bonded to
both the wafer and the PDMS, it is possible that the film suffered failure where the stubs between
the channels attaches the channel roof, leaving discrete strips of PMSSQ-APTES on the wafer
and rough film on the flat PDMS. This failure is illustrated in Figure 5.8.
While the film suffered large scale damage, this test demonstrated that heating film while
in contact with Si wafer would cause bonding to occur. If a sacrificial layer was placed between
the PDMS and the film, the patterned PMSSQ could be heat bonded to the wafer without it
bonding to the PDMS. Also, it could allow the film to be heat cured prior to stamping to the Si
wafer in order to strengthen the film, reducing the possibility of induced roof collapse, which is
an issue with other methods of nanochannel fabrication using high modulus materials such as
PDMS [90].
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Figure 5.8. Illustration of channel stub failure during PDMS peel off. a.) bonded structure before
peeling off PDMS stamp. b.) failure occurs at the stubs when removing the PDMS.

5.3.2

Addition of the Sacrificial Layer

Photoresist is a typical material used in standard photolithographic process for producing
masks for patterning samples when depositing material and during etching steps. Until it is
exposed to UV light, positive photoresist will not cure, allowing it to be easily removed by
rinsing samples with acetone. It made an ideal sacrificial layer as we could easily apply the
photoresist using our current techniques, and our PMSSQ-APTES films would not dissolve in
acetone once they had been heat cured. This technique is known as lift-off lithography [91].

93
Stamping tests were performed to determine if PMSSQ-APTES films would be able to be
stamped to photoresist, and if photoresist would adhere to PDMS when spincoating.
The first tests with photoresist used undiluted solution. To determine if PMSSQ-APTES
would transfer to photoresist film, we applied the photoresist to an Si wafer in the spincoater at
3000rpm/30sec. PMSSQ-APTES film solution was prepared and coated onto HD DVD-R
patterned PDMS. This was then stamped to the photoresist coated wafer and left in contact for
several seconds before peeling off the PDMS. The PMSSQ-APTES did fully transfer to the
photoresist film. Figure 5.9 Shows photographs of PMSSQ-APTES grating patterned film
stamped to photoresist coated Si wafer. Diffraction patterns are clearly visible within the film
regions. The spincoater malfunctioned during the coating for the first stamp shown in 5.9a,
resulting in scattered, localized dewetting spots across the film. This defective film did still
properly transfer to the photoresist. The spincoater chamber was properly purged when coating
the stamp, as seen in the continuous film after being stamped on the photoresist in Figure 5.9b.

Figure 5.9. Patterned PMSSQ-APTES film stamped to photoresist coated silicon wafer. a.) spin
coater malfunctioned when preparing the patterned film causing dewetting spots to appear across
the surface, b.) a properly prepared film showing complete film transfer to the wafer surface.
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Spincoating tests of the photoresist onto flat PDMS revealed that the flat PDMS would
need to be plasma treated to modify its surface energy to achieve proper wetting. Without plasma
treatment, the photoresist would bead up and roll off the PDMS when applying solution in the
spincoater chamber. While the PDMS did properly wet with plasma treatment, the photoresist
film was susceptible to mechanically induced cracking stresses, as seen in the PMSSQ-APTES
film in Figure 5.10. This cracking prevented a PMSSQ-APTES film from forming a conformal
contact with the photoresist film surface, which reduced the transfer quality.

Figure 5.10. Examples of poor film quality after lifting a photoresist coated flat PDMS from its
wafer substrate backing prior to patterned film transfer. a.) transferred PMSSQ-APTES film did
not fully conform to the photoresist surface, b.) during PMSSQ-APTES film transfer some of the
photoresist film came off of the flat PDMS stamp.

CO2 gas was used in the plasma cleaner at a flow rate of 8.9mL/min. The flat PDMS was
exposed for 15 seconds at the “low” power setting. Photoresist was spincoated onto the sample at
3000rpm/30sec. Before transferring a PMSSQ-APTES film, the flat PDMS was peeled off its
mount wafer and placed onto a fresh wafer. The cracking seen was induced during this peel off.
While the diffraction pattern of the patterned PMSSQ-APTES film can be seen in 5.10a, a
central region of the photoresist layer is missing, having been lifted off when peeling the
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patterned PDMS during the film transfer step. This damage can also be seen in the final film in
5.10b where broad scale cracking and missing film is apparent. To overcome this cracking issue,
the photoresist could be diluted with up to a 1:50 weight ratio of photoresist to PMA. This
reduced the thickness of the deposited photoresist, which allowed it to be more flexible and less
susceptible to stress induced cracking.
Early trials of dilute photoresist were performed using 1:10 and 1:50 dilute weight
concentrations of Microposit S1813 in PMA. The 1:50 concentration was found to be able to
maintain a continuous film when spincoated onto both Si wafer, and flat PDMS surfaces. Figure
5.11 shows HD DVD-R grating patterned PMSSQ-APTES films stamped to dilute photoresist
spincoated onto Si wafer. Missing sections of the square stamps were due to partial dewetting on
the patterned PDMS, not due to poor transfer.
Testing also showed that soft baking the photoresist at 100°C for several minutes after
depositing to PDMS was not necessary. It tended to cause the photoresist film to form micro
cracks across the surface when cooled down, which was suspected to be the result of differences
in rates of thermal expansion and contraction between the photoresist film layer and the PDMS
stamp. This cracking would prevent the PMSSQ-APTES layer from making a conformal contact
with the photoresist and would tend to lead to strip off during transfer. This can be seen in Figure
5.12, which shows the results from a soft bake test. The triangular patterns in the grating film are
clearly visible with the naked eye. As with the initial testing using heat bonding, the diffraction
pattern was visible through the PDMS stamp prior to heating, and disappeared after the heating
step.
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Figure 5.11. Patterned PMSSQ-APTES film stamped to dilute photoresist on silicon wafer. a.)
sample 1, 1:10 weight dilution of photoresist to PMA, b.) sample 1 with diffraction pattern
illumination, c.) sample 2 with 1:50 weight dilution of photoresist to PMA, d.) sample 2 with
diffraction pattern illumination. Non-diffracting band was due to a blank ring on the disc used as
a master mold. Note: film dewetting occurred when preparing the patterned film, not during
transfer.

Figure 5.12. Samples showing film buckling due to soft baking the photoresist film on flat
PDMS. a.) buckling is visible near the bottom of the PDMS surface. Strip off of the PMSSQAPTES occurred on the outer region of the stamp, b.) buckling can be seen on the left side of the
PDMS surface. Strip off of the PMSSQ-APTES film occurred in the center region.
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While samples prepared using this method did transfer more completely than in the initial
process, cracking in the transferred film was still not completely eliminated. Some of the
cracking was traced to machining marks and microscopic scratches in the plastic dishes used to
prepare the flat PDMS. These scratches were replicated in the PDMS surface producing a
roughened surface which was suspected to interfere with the patterned film transfer. Figure 5.13
shows microscope images of some of these defects.

Figure 5.13. Replicated cracks and strip off tearing in a nanochannel film on silicon wafer. a.)
corner region with strip off, 5x magnification, b.) corner region with strip off, 20x magnification,
c.) corner region with strip off, 100x magnification, d.) central region of the film, 20x
magnification. The strip off tearing can be seen in a–c as fine strips of film in the upper right
corner of the image.

Some of the cracking was also induced by compression when gripping the patterned
PDMS with tweezers during its removal during the first transfer. This would tend to result in
localized cracking on the film in the corner around where the tweezers were in contact with the
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PDMS. While a batch and dish change did alleviate the replicated scratches and marks in the flat
PDMS, broad scale strip off in the transferred film during the first transfer became problematic.
Initially, we suspected that the plasma cleaner system was becoming faulty, and not
providing proper surface energy modification. To test this, we took contact angle measurements
of deionized water on flat PDMS as various plasma cleaner exposure times. These angles can be
seen in Table 5.1.

Table 5.1. Contact Angle vs. Plasma Exposure Time.
Left Angle (deg.) Right Angle (deg.)
118.8
118.8
0 sec. Exposure Time
22.3
22.3
45 sec. Exposure Time
4.4
4.4
180 sec. Exposure Time
4.4
4.4
300 sec. Exposure Time

At 3 minutes of exposure time the surface is fully activated, as indicated by the very low
contact angle. Samples treated to this exposure time continued to have cracking and tearing
through the transferred film. Further testing would reveal that while the plasma treatments would
allow the photoresist to properly wet the PDMS surface, it was not promoting the adhesion of the
photoresist to the PDMS. Patterned PMSSQ-APTES transferred to 1:50 photoresist film layers
which were coated onto Si wafer would transfer without any visible cracking or strip off.

5.3.3

Inclusion of Bonded Sublayer

To confirm if the strip off was actually occurring at the patterned film to photoresist
boundary, a strip off test was performed. An Si wafer was coated with PMSSQ-APTES film
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solution and cured at 50°C/10min. To this cured film, a 1:50 photoresist solution was spin
coated. Attempts to remove the photoresist by stripping off with lab tape were unsuccessful,
demonstrating that the adhesion between cured PMSSQ-APTES film and photoresist was quite
strong. The photoresist layer was able to easily be removed by rinsing the sample in acetone,
which did not affect the cured PMSSQ-APTES film layer. Plasma treatment of the cured
PMSSQ-APTES film was also found to be necessary in order to apply a high quality, continuous
film of photoresist. Without treatment, the resist solution would experience localized dewetting
during spincoating.
While heat bonding a PMSSQ-APTES film to the flat PDMS did solve the transfer issues
for the first transfer, more cracking was induced during the stack preparation for the second
transfer. The cracking was induced in the film stack on top of the flat PDMS when plasma
treating both the stack and the Si wafer prior to stamping. It is believed that expansion of the
PDMS when under vacuum caused the triple layer of films to suffer stress induced cracking.
Stacks of films were crack-free before going into the chamber, and cracked throughout the film
surface when removed after exposure. We tested if we could remove the PMSSQ-APTES
sublayer by incubating the flat PDMS with APTES solution. This method is sometimes used to
modify PDMS surfaces for soft lithographic processes [92], [93]. A flat PDMS stamp was first
sonicated in ethanol to remove any possible unlinked oligomers existing near the PDMS surface.
The sample was dried and exposed to oxygen plasma for 45 seconds, and then submerged in a
10%vol. concentration of APTES in ethanol for 30 minutes. The sample was then triple rinsed in
ethanol and baked at 80°C/10min. to dry and cure the APTES monolayer. The sample was then
spincoated with 1:50 photoresist, and then stamped to a clean Si wafer. Contact angles were
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checked throughout the process to verify the presence of the APTES monolayer. The
measurements are provided in Table 5.2.

Table 5.2. Contact angle measurements for APTES monolayer on PDMS incubation
Left Angle (deg.) Right Angle (deg.)
117.6
117.6
Before Treatment
115.3
115.9
After ETOH Ultrasonic Bath
6.0
6.0
After Oxygen Plasma Treatment
89.0
89.0
After APTES Incubation and Bake

Because the film was able to easily transfer to the wafer, it was concluded that the
photoresist may not adhere well to high concentrations of APTES. Follow up tests using the
standard PMSSQ-APTES film solution for the sublayer and pattern layer showed that plasma
treatment of the stack was not necessary for the 2nd transfer step. The wafer substrate was plasma
treated, the stack was brought into contact with the surface, and then the wafer was heated to
bond the cured PMSSQ-APTES film. Using this technique, we were able to produce both single
layers of nanochannel arrays, as well as a multi-layer of arrays on the same substrate.

5.4

5.4.1

Preliminary Results

Single Layer Fabrication SEM Imaging

Preliminary cross-sectional scanning electron microscope (SEM) images revealed the
presence of periodically spaced submicron-width channels which were spaced at a pitch of
320nm. This corresponds to the standard grating pitch of the commercial BD-R disc which was
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used as the master mold for the pattern. Figure 5.12 shows SEM images of an initial single layer
sample. The sample was prepared with a no-heat method, where the grating film was not heat
cured prior to the second transfer. Rather than using heat to drive the bonding between the
grating film and the wafer, the film stack was left in contact with the wafer over a weekend to
cure.

Figure 5.12. Cross-sectional SEM images of nanochannel film layer, first attempt. a.) 30k
magnification, b.) 100k magnification, c.) 180k magnification, d.) top view, 10k magnification.

The pitch is indeed about 320nm between nanochannels, with the height of the channels
about 25 to 30nm. The top-down view of the film surface in Figure 5.12d shows an odd
alternating light and dark striping pattern. The dark stripes line up with the nanochannels
openings. The natural inclination is to view this as a corrugation in the film, and to see the dark
stripes as valleys and the light stripes as ridges. This was troubling when we first saw this, as it
would seem that the nanochannels were all experiencing some roof sagging. The cross sectional
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images, while not very clear, do not show signs of roof sag of the nanochannels and the film
appears generally flat, or slightly raised above each channel. Because these images were taken
using SEM and not an optical microscope, the striping pattern is theorized to be caused by
dielectric charging effects of the polymer film. The polymer film is thinner over the
nanochannels compared to the stubs, so those regions do not experience as much charging effects
and appear as darker stripes. In this case, the presence of striping on the film surface can be an
indicator of the presence of nanochannels within the film. Figure 5.13 shows a set of SEM
images from a later sample where the grating film was time cured over the weekend by allowing
it to rest on the stack, grating side up. After curing, the wafer was plasma treated and the stack
was left in contact with the wafer surface for 30 minutes before the acetone rinse.

Figure 5.13. SEM image of nanochannel film layer. a.) 6k magnification, b.) 13k magnification,
c.) 30k magnification, d.) 40k magnification.

103
The openings of the nanochannels are clearly visible, and there is no sign of roof
collapse. The film surface appears flat above most of the nanochannel openings, while light and
dark striping is present again across the surface. The lighter stripes line up with the stub regions,
suggesting stronger charging effects in those polymer regions, and the presence of nanochannels
within the darker, thinner polymer film regions.

5.4.2

Heat Stability Test

An initial test was carried out to determine if the nanochannels, and particularly their
roofs, would be stable when exposed to elevated temperatures. Preliminary work performed in
the grating nanogaps work in Chapter 3 suggests that APTES crosslinked PMSSQ film may be
structurally stable to 500°C. A nanochannel sample was prepared and cleaved in half
perpendicular to the channel direction. One of these halves was placed on a preheated hotplate
set to 500°C for 5 minutes before being allowed to air cool. Figure 5.14 shows surface SEM
images of the unheated and heated halves.
Unfortunately, the images are not clear enough to show any nanochannel openings, but
the light and dark striping is present across both sample surfaces, suggesting that the
nanochannels do exist, and are still present after heating. Further imaging will be necessary to
confirm the presence of the channels.
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Figure 5.14. SEM image of single layer nanochannel surface. a.) unheated film, b.) film heated at
500°C.

5.4.3

Multilayer Nanochannels Fabrication

The process we have developed can also be used to prepare multiple layers of
nanochannels on a single substrate. After the first nanochannel layer is bonded the substrate, the
substrate can be plasma treated again to apply a subsequent channel layer. The down side to this
is that the channels would not necessarily be perfectly lined up vertically, and any film defects
would compound as more layers are added. Figure 5.15 shows a photograph of a triple layer of
nanochannel film bonded to a PMSSQ-APTES coated wafer substrate. The wafer was coated
first with the PMSSQ-APTES film to demonstrate that the cured film would be able to be bonded
to previously applied film layers, and to fully enclose all four walls of the channel for each layer
in PMSSQ-APTES film.
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Figure 5.15. Photograph of a triple layer of nanochannel film. The red-brown colored region
contains all 3 layers, the green-gold region contains 2 layers, and the blue region contains 1
layer.

5.5

Conclusion

This chapter details work towards perfecting a fabrication process for the production of
nanochannel films using simple nanofabrication methods. The nanochannels are produced by
patterning a polymer film using soft lithography, and transferred to a substrate using
microcontact printing and liftoff lithography techniques. The fabrication method essentially is a
way to flip a brittle thin film over, and then bond the film to a substrate without the film bonding
permanently to the carrier substrate (the flat PDMS).
The photoresist layer used here acts as the sacrificial layer for the lift-off step, which is
crucial in preventing the patterned film from bonding permanently to the PDMS. Because the
photoresist will not adhere strongly to the flat PDMS surface, an intermediary PMSSQ-APTES
sublayer is utilized. PMSSQ-APTES film can be covalently bonded to PDMS by curing, either
by heat or through contact over time, to provide a stable surface to which the photoresist will
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more strongly adhere. The surface energy of these layers is critical for producing a high quality,
defect free thin film transfer. If the adhesion strength between any of the layers in the stack are
weaker than the adhesion between the patterned film and the patterned PDMS, strip off of one or
more stack layers can occur during the transfer of the patterned film to the stack, which results in
tearing and cracking.
Preliminary imaging of nanochannel arrays produced using this method show clearly
visible periodically spaced channels will little to no sign of roof collapse. While heat stability
and multi-layer imaging are inconclusive at this time, we are confident that further examination
of the samples will show that the channels are both resistant to heating, and are easily stacked
into 3D arrays of channels.
We also propose several follow-up tests to prove the robustness of these nanochannels.
Firstly, to demonstrate the use in direct imaging of material in the channels, a time study using
fluorescent fluid could be performed. For this study, a fluorescent dye, such as Rhodamine 6G, is
dissolved in either water or ethanol. A droplet of solution is placed over one end of the
nanochannel film. If the channels are continuous across the film, the solution should be drawn
through the channels to the dry side. A thin piece of flat PDMS could be placed over the middle
of the nanochannel film to act as a physical barrier to the dye solution. The sample can then be
imaged over time using an epifluorescence microscope to demonstrate both that the film allows
for imaging within the channels, and that the channels are continuous across the film. The second
study would demonstrate the ability of the film structure to withstand harsh environmental
conditions. Films would be exposed to acids, bases, and organic solvents and monitored over
time. Cross-sectional images of the channels would be compared before and after exposure to
investigate how the chemicals agents affect the channel and film dimensions.

6. CONCLUSION

In this study, we explored the use of several nanomanufacturing techniques for the
production of plasmonic surfaces for metal enhanced fluorescence. These techniques were
further explored for use in the fabrication of temperature stable nanochannels. The benefits of
these fabrication processes over more traditional methods are a lower cost, and comparatively
simple method for producing micro and nanoscale surface features.
3-dimensional grating patterns and periodically ordered nanoscopic cracks were able to be
formed in NPO film and silver metalized NPO film through direct imprinting, a technique which
embosses a physical pattern from a master pattern stamp into the film surface. Soft lithography
and microcontact printing were investigated as well for use in producing gratings in NPO film.
This technique replicates a pattern from a master mold, and was used here as a sublayer form
when decomposing NPO film. The master patterns for both of these techniques were off the shelf
recordable optical media discs, DVD-R and HD DVD-R discs. FDTD simulations of silver
grating patterns on top of NPO and PMSSQ grating films suggests that the plasmonic coupling
ability of the silver film is dependent on the physical conformity of the grating pattern, and the
thickness of the silver film layer. If the film is too thin, EM wave energy can leak into the
underlying layers and not be confined to the surface plasmons.
The formation of metallic nanogaps was also shown to be possible through the use of NPO
film as a substrate. It is believed that the low surface energy and high surface area of the NPO
films drives the silver to form large, flat crystal grains separated by high aspect ratio nanoscopic
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gaps. It was found that the NPO formulation and decomposition temperature played a role in the
plasmonic coupling ability of the overall metal film. The highest mean fluorescence
enhancement value was 21.0 times over a glass control sample. The highest maximum
fluorescence enhancement factor 28.4. Both were from a silver metallized 8291 NPO film
decomposed at 450°C, and recorded 181 days after the sample was prepared. The enhancing
character of these nanogaps did not appear to degrade significantly with long time periods
(months). These metallized NPO samples also showed strong single fluorophore emission and
strong blinking, with unusual broken ring patterns. FDTD far field simulations of these large
silver grating structures and nanogaps produced patterns similar to the broken rings when
considering a dipole emission source near surface features. This dipole acted as a stand-in for a
single fluorophore emitter. If the NPO can be properly formed into a grating pattern, the overall
structure may prove to be a strong plasmonic coupling enhancer.
These techniques were also used to produce nanochannels by using the same soft
lithographic and microcontact printing methods used to produce the patterned film sublayers.
Rather than stamping the patterned film directly to a silicon wafer substrate, the film was first
transferred to a second, flat PDMS stamp. This essentially flipped the film over and allowed the
patterned film to be stamped with the grating pattern against the wafer substrate. Lift-off
lithography was needed for this process, as the PMSSQ-APTES film tended to bond to the
PDMS stamp. Photoresist was used as a sacrificial layer to allow for PDMS separation from the
nanochannel film. Surface energy modification also played a key role here, as the photoresist did
not strongly adhere to the PDMS. The final method relied on a stack of film on the flat PDMS to
make the transfer, a cured PMSSQ-APTES layer to help adhere the photoresist to the PDMS, and
the photoresist to adhere the patterned film to the flat PDMS. The transferred film could be heat
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cured at 50°C for 10 minutes while on the flat PDMS film stack to crosslink. This allowed for
better film transfer to the wafer substrate. This would also help prevent any possible roof
collapse of the channels. The patterned film could be heat bonded to the wafer, and the
photoresist could be dissolved with acetone to release the flat PDMS from the patterned film.
The nanochannel film maintained the channel structure during the transfers and heat curing steps.
The films were suspected to be heat stable to 500°C, as diffraction patterns were still visible after
heating at this temperature.
There are some suggested follow-up studies that may be beneficial. One of the concerns with
the grating fabrication using soft lithography is that the film may not be fully heat stable at the
decomposition temperature for NPO. A study could be performed to investigate how the film
degrades, if at all, and various temperatures. Grating structures can be imaged with SEM or
measured with atomic force microscopy (AFM), a surface metrology technique that maps surface
topography. The film optical properties and thickness can also be measured using ellipsometry.
If the film is degrading, the film should become thinner and denser, increasing the refractive
index. Also, a study could be performed to determine which NPO formulations, if any, could
conform to a patterned sublayer. Again, SEM or AFM imaging could be used as the outer surface
needs to be examined for planarization.
The cause of the broken ring patterns in the nanogaps is still unknown. A study could be
performed which involves near field scanning optical microscopy to determine if the patterns are
due to near field interactions. The near field can then be mapped to SEM images of the same
sample region to determine which metal features are the producing the strongest near field, and
thus best plasmonic coupling. These samples can then be investigated using the fluorescence
microscopy techniques described in Chapter 4 to map the far field emission.
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